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ABSTRACT
B ovine herpesv iru s-1  (BHV-1) is th e  p a th o g en ic  ag en t fo r 
infectious bovine rhinotracheitis. C urren t vaccines to  p ro tec t against 
infection  have  serious d isadvan tages to p ro d u ce rs  an d  have  been  
im plicated in  epizootic outbreaks. The v irus has also been show n to 
cause suppression  of the im m une system . BHV-1 vaccines could  be 
im proved by identify ing and  genetically deleting those aspects of the  
v irus responsib le  for im m unosuppression  an d  p ro v id in g  a  m arker 
w ith in  the  genom e w hich w ou ld  d istingu ish  the  vaccine stra in  from  
w ild types in the case of disease outbreaks.
This s tu d y  exam ined  the ro le  o f g il l  in  v ira l in fection  an d  
im m unosuppression . This w as accom plished by  expressing full copy 
g ill an d  carboxy-term inal truncations of gDI in  a transien t eukaryotic 
expression system. The gene for gHI w as then truncated  to  delete the 
portion of the protein  show ing hom ology to the M HC class II antigen 
constant dom ain. G lycoprotein D i-derivatives w ere tested  for their 
an tig en ic  p o ten tia l in  ly m p h o p ro life ra tio n  assays u s in g  b o v in e  
p e rip h e ra l b lood  m ononuclea r cells. T runca ted  versions o f g i l l  
lacking th e  M H C hom ologous reg ion  show ed  im p ro v ed  antigen ic  
potential. F urther s tud ies using the full-copy version of glD  show ed 
it supp ressed  the  pro liferative  response  to  m itogen, U V -inactivated 
BHV-1, an d  o ther gDI derivatives.
A gDI-null BHV-1 m utan t, KB3305, w as isolated to  evaluate  the 
effect of deleting  the M HC hom ologous reg ion  on  the  v irion  an d  to 
p rov ide a m arker for stra in  identification. KB3305 rep licated  10-fold 
less efficiently than the w ild type an d  w as approxim ately 15-fold m ore
x
cell associated. H eparin  reduced  the attachm ent of the m u tan t to 
GBK cells by  65%, com pared to 75% for the w ild type. In addition , 
KB3305 failed to exhibit hem agglutinating activity, in contrast to the 
w ild-type strain. In lym phoproliferation assays, KB3305 was able to 
stim ulate  an  equ ivalent response to  that induced  by the w ild  type 
v iru s, ind ica ting  th a t the lack of g il l  does n o t in fluence  v ira l 
antigenicity.
IN TR O D U C TIO N
R esp ira to ry  a n d  rep ro d u c tiv e  d iseases com bined  a re  th e  m ost 
com m on cause  of d isease  in  cattle  (Salm an e t  al., 1991a). B ovine 
h e rp esv iru s-1  co n trib u te s  to  b o th  d isease  fo rm s b y  a c tin g  as th e  
c a u sa tiv e  a g e n t o f in fec tio u s  b o v in e  rh in o tra c h e itis , in fe c tio u s  
p u s tu la r  vu lvovag in itis , an d  infectious abortions. The cost o f d isease  
p rev en tio n  in  these  cases is m uch  less th an  th e  cost o f trea tm en t an d  
loss o f d iseased  an im als from  d ea th  a n d  culling (Salm an e t al., 1991b). 
Im m u n iza tio n  is the  m o st d irec t m eth o d  o f d isease  p reven tion .
Several vaccines fo r bov ine  h e rp e sv iru s  a re  cu rren tly  ava ilab le  
an d  a re  typically  com posed  of a tten u a ted  live v iru s g iven  in tranasa lly  
or in tram uscu larly . H ow ever, these vaccines h av e  serious side  effects 
a n d  co m p lica tio n s. In tra m u sc u la r  v acc in e  v e rs io n s  can p ro d u c e  
abo rtions in  p re g n a n t cattle  (Van D er M aaten , M iller, & W hetstone , 
1985b). Vaccine stra in s hav e  also been  im plica ted  in  d isease  ou tb reaks 
(W hetstone, W heeler, & R eed, 1986). T his h as re su lte d  from  th e  fact 
th a t  a t te n u a te d  liv e  v acc in e  s tra in s  can  be  tra n s m itte d  to  n o n  
v acc ina tes a n d  a re  capab le  o f estab lish in g  la te n t in fec tions (Baker, 
R ust, & W alker, 1989; P a s to re t e t a l., 1980). C u rre n t in ac tiv a te d  
vaccines do  n o t p ro v id e  ad eq u a te  pro tec tion  (Frerichs e t al., 1982).
A tten u a te d  live  s tra in s  a re  typ ically  iso la ted  b y  c u ltu rin g  the  
v iru s  in  ex tra o rd in a ry  cond itions. A s im p lied  b y  th e  occurence  of 
ep izootic  ou tb reaks, a tten u a ted  vaccine stra in s can rev e rt to  v iru lence  
in  th e  host. R ecent developm en ts in  th e  a rea  of recom binan t genetics 
an d  m olecu lar b io logy  p ro v id e  an  a lte rn a tiv e  p ro d u c tio n  m e th o d  for 
n ew  vacc ine  stra in s . R ecom binan t s tra in s  can  b e  d e s ig n ed  w h ich
1
h a v e  v iru lence  factors de le ted , o r genetic  m ark e rs  in se rte d  in to  th e  
genom e. H erp esv iru ses a re  g o o d  cand ida tes fo r su ch  m an ip u la tio n s  
because  o f th e ir large  genom es. V iruses can also  be used  as vectors to  
im p o se  th e  expression  of he te ro logous an tigens by  th e  infected  host 
cells (D esrosiers e t al., 1985; C lark , 1987). T he la rg e  g en o m e  o f 
h e rp esv iru s  is an  ad v an tag e  in  th is case as w ell b y  a llow ing  la rg e r 
genes to  be  inserted .
Bovine herpesv irus-1  is a w ell qu a lified  c a n d id a te  fo r genetic  
m an ipu la tion . D eleting  a gene encod ing  a p ro te in  exp ressed  on  the  
surface of infected  cells w o u ld  p ro v id e  a read ily  iden tifiab le  m arker 
to  d is tin g u ish  o u tb reak s cau sed  b y  th e  vaccine stra in . In  ad d itio n , 
bov ine  h e rp e sv iru s  h as  d e m o n s tra te d  im m u n o su p p re ss iv e  qua litie s 
(B abiuk, L aw m an, & G reiebel, 1989). If specific p ro te in s  o r  ep ito p es 
con tribu ted  to  th e  supp ress ive  effect, they  cou ld  be d e le ted  from  the  
gene  w h ile  m a in ta in in g  o th e r an tigen ic  a reas o n  th e  p ro te in . This 
p ro jec t has fo cu sed  o n  th e  id en tifica tio n  o f v ira l p ro te in s  w h ich  
m ig h t be  responsib le  fo r bo v in e  herpesv irus-1  im m u n o su p p re ss io n  
and  the  iso lation  of a m u ta n t v iru s w hich does n o t express them .
CHAPTER 1 
L iterature R eview
GENETIC CHARACTERISTICS O F BOVINE HERPESVIRUS-1
B o v in e  h e rp e s v iru s -1  (BH V -1) b e lo n g s  to  th e  fa m ily  
H e rp e s v ir id a e . It is classified in  the  A lp h a h e rp e sv ir in a e  subfam ily , 
ind icating  it  p roduces a rap id  infection w hich resu lts in  cell lysis and  
ac u te  in fec tio u s d isease . A lp h a h e rp e sv iru se s  ch a rac te ris tic a lly  
e stab lish  la ten t in fec tions in  gan g lio n  cells a fte r in itia lly  causing  
ep ithelial lesions. Five d ifferent sub types of BHV-1 (1, 2a, 2b, 3a, 3b) 
have been iden tified  based  on  their restric tion  endonuclease patterns, 
v ira l  p ro te in  c h a ra c te r is tic s , a n d  re a c tiv ity  w ith  m o n o c lo n a l 
an tib o d ies . (W yler, Engels, & S chw yzer, 1989). T he m o lecu la r 
d ifferences in  sub types a re  exp ressed  in  the ir m ost com m on clinical 
m anifestations. Subtypes are no t, how ever, rig id ly  defined  by th e ir 
clinical signs. Subtype 1 isolates have  typically  been  recovered  from  
in fectious bov ine  rh ino trache itis  cases . Sub types 2a an d  2b have  
b e en  rec o v e re d  from  in fec tio u s  p u s tu la r  v u lv o v a g in itis  cases. 
Sub types 3a an d  3b show  affin ity  fo r n eu ra l tissues, h av in g  been  
iso lated  from  encephalitis cases in  A ustra lia  an d  A rgentina.
The bovine herpesvirus-1  v irion  consists of a do u b le  s tra n d  of 
D N A  su rro u n d e d  by  an  icosahedral nucleocapsid  w hich  is in  tu rn  
enveloped  w ith in  a host-derived  lip id  b ilayer (L udw ig & Letchw orth, 
1982). The pro te inaceous tegum en t lies be tw een  the  capsid  and  the  
envelope. T he v ira l genom e of the  C ooper s tra in  is app rox im ate ly  
136.9 kilobases long (M ayfield e t al., 1983) b u t pub lished  sequences for 
all BHV-1 stra ins have v aried  from  133.3 kilobases (Engels, Steck, &
W yler, 1981) to  139.5 kilobases (Engels e t  al., 1986). Viral D N A  has a 
h ig h  G-C conten t equivalent to 72% o f the  bases (L udw ig, 1982). The 
genom e is com posed  of tw o  parts: the  un ique  long  a n d  the u n iq u e  
sh o rt regions. Because of th e  inverted  repea ts  b racketing  the u n iq u e  
sh o r t  reg ion , th e  genom e can  ex is t a s tw o  iso m ers  m ak in g  it  a 
m em ber of th e  g roup  D  herpesv irus DNA. The orig in  o f rep lica tion  
fo r the  genom e has been  characterized  and  u se d  in d ep en d en tly  for 
p lasm id  p ro d u c tio n  (W esterm an & Skare, 1990; C arpen ter & M isra, 
1991)
G ene expression from  the BHV-1 genom e is sequentially  o rd ered
♦
a n d  can be g ro u p ed  in to  im m ediate  early  (alpha) pro teins, early  (beta) 
p ro te in s , and  late  (gam m a) pro teins. The expression  o f each se t is 
d e p e n d e n t on  th e  successful p rog ression  of even ts  in  th e  infection 
an d  rep roduction  of the  virus. Im m ediate  early  genes d o  no t requ ire  
th e  ex p re ss io n  o f o th e r  v ira l genes. E arly  p ro te in  sy n th e s is  is  
d e p en d e n t on  th e  expression of im m ediate  early  genes. L ate p ro te in  
syn thesis requires expression of im m ediate  early  and  early  p ro te ins as 
w e ll as v ira l D N A  sy n th e s is  (R o izm an  e t a l., 1974; M isra , 
B lum enthal, & Babiuk, 1981; L udw ig  & Letchw orth, 1987, W irth  e t al., 
1989) Four glycoproteins have  been described fo r BHV-1. They are g l, 
g ll, g in , a n d  glV. O f these four, g l, g m , and  glV  are  considered  to  be 
th e  m o st sign ifican t b ased  o n  th e ir p ro m in en t con tribu tions to  the  
p a th o g en es is  o f in fection  an d  th e  h o s t’s im m u n e  resp o n se  to  th e  
v iru s. T hree o th e r  g lycopro teins-gh , gx, and  g i-m ay  a lso  exist, b u t  
h av e  n o t been w ell characterized  (Schwyzer, 1991; B aranow ski e t al., 
1991). The v iru s also encodes for a  thym idine kinase (W einm aster e t 
al., 1982), a D N A  po lym erase  (O w en & Field, 1988), a  m ajor D N A
b in d in g  p ro te in  (B andyopadhyay , M itta l, & F ield , 1990), a  m ajo r 
tegum en t p ro te in  (C arpenter & M isra, 1990), a latency re la ted  p ro te in  
(H ayes & Rock, 1989), and  a t  least three- im m edia te  early  transcrip ts- 
IE l,IE2,and IE3 (W irth e t al., 1989).
M AJOR GLYCOPROTEINS OF BOVINE HERPESVIRUS-1
G lycop ro te in  I o f BHV-1 is the  gB hom olog  o f HSV-1 a n d  is 
e x p re sse d  as an e a r ly  p ro te in  (M isra , N e lso n , & S m ith , 1988; 
W hitbeck , Bello, & L aw rence, 1988). It is essential for g ro w th  in  cell 
cu ltu re  (W yler , Engels, & Schwyzer, 1989). It is located  in  the  H in d  III 
"A" fra g m e n t o f th e  v ira l g en o m e  a n d  its  seq u en ce  is k n o w n  
(Law rence e t al., 1986; W hitbeck, Bello, & Law rence, 1988). It exists as 
a c leav ed , d isu lf id e -lin k e d  h e te ro d im e r e m b e d d e d  in  th e  v ira l 
enve lope  (Van D runen  Littel-Van D en H u rk  & B abiuk, 1986). The 
130K m atu re  p ro d u c t is cleaved to a 74K and  55K linked  heterodim er. 
C leavage of the  p ro te in  is n o t essen tia l fo r its function  (B lew ett & 
M isra , 1990). It con ta ins N -lin k ed  g lycosy la tion  w h ich  h as been  
found  to be im p o rtan t for serum  neu tra liz ing  an tibody  response  (Van 
D ru n en  Littel-Van D en H urk , H ughes, & Babiuk, 1990b; Van D runen  
L ittel-V an D en H u rk  & Babiuk, 1985c; W hitbeck, Bello, & Law rence,
1988). I t is a m ajor ta rge t fo r the  h u m o ra l a n d  cellu lar im m u n e  
resp o n se  of infected  cattle  (H utch ings, V an D ru n en  L ittel-V an D en 
H u rk , G ifford, & Babiuk, 1990a; M arshall, Israel, & L etchw orth , 1988). 
G lycopro te in  I has b een  sh o w n  to  hav e  a  seco n d ary  ro le  in  v ira l 
a ttachm en t (Liang e t al., 1991a). W hen independen tly  expressed  in  a 
cell cu ltu re  system , g l induced  spontaneous fusion (Fitzpatrick, Zam b,
& Babiuk, 1990b); g l m ay  also in te rfere  w ith  th e  cy topa th ic  effect of 
BHV-1 infection  (Chase, C arter-A lien, & L etchw orth , 1989).
G lycopro tein  in is the  gC  hom olog  of HSV-1, a n d  is exp ressed  as 
a la te  p ro te in  (M isra , B lu m en th a l, & B ab iuk , 1981). T h e  g e n e  
encoding  gin has been  m ap p ed  an d  sequenced. From  th is  sequencing  
effo rt, gin w as fo u n d  to  hav e  th ree  d o m ain s w h ich  m im icked  the  
im m u n o g lo b u lin  su p e rfam ily  (F itzpa trick , B abiuk , & Z am b , 1989). 
O n e  d o m a in  in  p a rtic u la r  sh o w ed  68% h o m o lo g y  o v e r 96 am in o  
ac id s  to  th e  M H C  class II a n tig en  c o n s tan t d o m ain . A n tig en ic  
m im icry  b y  gin to a cell-surface g lycoprotein  on bov ine  m acrophages, 
p o ly m o rp h o n u c lea r leucocytes, an d  p la te le ts  w as a lso  d e m o n s tra te d  
b y  iden tify ing  cross-reacting  m onoclonal an tibod ies. In  ad d itio n , g ill  
is a lso  ab le  to  b in d  bov ine  com plem en t co m p o n en t C3 a n d  th e reb y  
p ro tec t itself from  com plem ent-m ediated  in ju ry  (H uem er e t al., 1991).
G lycoprotein  HI has a m atu re  m olecu lar w eigh t o f 91K a n d  exists 
as  a  h o m o d im e r on  th e  v irio n  en v e lo p e  (V an D ru n e n  L itte l-V an  
D en H u rk , & Babiuk, 1986). It h as been  found  to  be  non-essen tia l for 
g ro w th  in  cell cu ltu re  (Liang, Babiuk, & Z am b, 1991b; N e lso n  e t al., 
1989) an d  to con ta in  b o th  N - a n d  O- lin k ed  g lycosy la tion  sites (Van 
D ru n e n  L ittel-V an  D en  H u rk , & B abiuk, 1985c). B oth th e  h u m o ra l 
an d  ce llu la r  im m u n e  re sp o n ses  reco g n ize  g i l l  as a  m ajo r ta rg e t, 
a lth o u g h  g ill  w as less im m unogen ic  o f th e  th ree  m ajor g lycopro teins 
w h ich  w ere  com pared  (H utch ings, V an D runen  L ittel-V an D en H u rk , 
H u g h es, & Babiuk, 1990b; M arshall, Israel, & L etchw orth , 1988; V an 
D ru n e n  L itte l-V a n  D en  H u rk ,  G iffo rd , & B a b iu k , 1990a). 
G ly c o p ro te in  III h a s  b e e n  sh o w n  to  b e  re s p o n s ib le  fo r  th e  
h em ag g lu tin a tin g  activ ity  o f BHV-1 (T repanier e t al., 1985; T rude l e t
al., 1987). It has been  show n  to have  a p red o m in an t ro le  in  v ira l 
a ttachm en t (Liang e t al., 1991a) an d  th a t th is a ttachm en t is sensitive 
to the  presence o f heparin  (Okazaki e t al., 1991). O nly gin w as show n 
to b ind  h ep arin  in  these stud ies. In  o ther he rp esv iru s  system s, bo th  
th e  gC  an d  the  gB hom ologs w ere  sh o w n  to  in te rac t w ith  h ep a rin  
(M ettenleiter e t al., 1991; H ero ld  et al., 1991). The im plication of this 
o b se rv a tio n  is th a t  h e rp e sv iru se s  m ay  in itia lly  b in d  to  h e p a ra n  
su lfate , a  ub iqu itous cell surface pro teog lycan , u s in g  a  gC  hom olog. 
T his m echan ism  m ay  serve  to  concen tra te  th e  v iru s  o n  th e  cells' 
su rface  fo r easie r access to  a seco n d ary  recep to r fo r p e n e tra tio n  
(W uD unn & Spear, 1989).
G lycopro tein  IV is expressed  as an  early  p ro te in  an d  is the  gD  
h om olog  o f HSV-1 (Tikoo e t al., 1990). I t  h as been  fo u n d  to  be  
e ssen tia l fo r v ira l rep lica tion  an d  responsib le  fo r p en e tra tio n  a n d  
egress (Fehler e t al., 1991). The m atu re  g lycopro tein  w eighs 71K an d  
exists on  the  v irion  envelope  as a hom od im er (Van D ru n en  L ittel- 
V an Den H u rk  & Babiuk, 1986). H ow ever, researchers have been  able 
to  iden tify  size differences betw een strains. T hese variations can yield 
a p ro te in  as la rg e  as 84K (Keil, W eid em an n , & B eninga, 1989). 
G lycopro te in  IV contains b o th  N - an d  O - linked  g lycosy lation  sites 
(V an D ru n en  L ittel-V an D en  H u rk  & Babiuk, 1985c). N eu tra liz in g  
a n tib o d ie s  d ire c te d  to w a rd s  g lV  a re  n o t  d e p e n d e n t  o n  th e  
g ly co sy la tio n  o f th e  p ro te in  (Van D ru n en  L itte l-V an  D en  H u rk , 
H ughes, & Babiuk, 1990b). G lycoprotein  IV is a  m ajor target for the  
hu m ora l an d  cellu lar im m une response  of th e  h o st (H utchings, Van 
D ru n en  L ittel-V an D en H u rk , H u g h es, & B abiuk, 1990b; M arshall, 
Is rae l, & L etch w o rth , 1988; V an D ru n e n  L itte l-V an  D en  H u rk ,
G ifford , & B abiuk, 1990a). In  these  stu d ies , glV  p ro v ed  to b e  th e  m o st 
p o te n t im m u n o g e n  of th e  th re e  m ajo r g ly cop ro te in s . T he g en e  fo r 
g lV  h a s  b e e n  m a p p e d  a n d  se q u en c ed , a n d  th e  p ro te in  e x p re sse d  
in d e p e n d e n tly  (T ikoo e t al., 1990; V an  D ru n en  L ittel-V an D en H u rk  
e t al., 1991; C hase e t al., 1990). U sing  eukaryo tic  cells to  express g lV  o n  
th e  su rface , it  w a s  sh o w n  th a t th ese  cells co u ld  re s is t in fec tio n  b y  
BHV-1 (C hase e t al., 1990).
V IRA L PA T H O G E N E SIS  A N D  LATENCY
T ra n sm is s io n  o f  BHV-1 o c c u rs  v ia  th e  s e c re tio n s  o f  th e  
re sp ira to ry , ocu la r, a n d  re p ro d u c tiv e  trac ts  o f in fec ted  an im als . In 
a d d it io n  to  n a tu ra l  in fe c tio n , c a ttle  can  a ls o  b e  in fe c te d  b y  
co n ta m in a te d  sem en  a t th e  tim e  o f artific ial in sem in a tio n  (B ielanski, 
L oew en , & H are , 1988). A fter e n te rin g  th e  h ost, BHV-1 m u ltip lie s  a t 
th e  site  o f e n try  in  th e  m ucosal a n d  subm ucosal cells (Yates, 1982). A t 
th is  tim e , th e  v iru s  a lso  g a in s  e n try  in to  p e r ip h e ra l  n e rv e s . A  
tra n s ie n t v irem ia  occu rs, b u t  sy stem ic  d issem in a tio n  is b e liev e d  to  
occu r v ia  in fec ted  leukocytes (C um m ins & R osenquist, 1977; C astrucci 
e t al., 1980; Rossi & Kiesel, 1977; N y ag a  & M cK ercher ,1980). F rom  the  
in itia l site  o f en try , th e  v iru s  can  be tran sm itted  to  th e  b ra in  to  cause 
e n c e p h a litis , to  th e  u p p e r  a irw a y s  to  cau se  b ro n c h itis , o r  to  th e  
o varies  a n d  d ev e lo p in g  fe tu s to  resu lt in  abortion .
L a te n c y  is e s ta b l is h e d  v ia  p e r ip h e ra l  n e rv e  e n d in g s  a n d  
p e rs is tan ce  o f th e  v iru s  in  th e  trigem inal g ang lion  (N arita  e t al., 1976; 
H o m a n  & E asterday , 1980). R eactivation  occurs w ith  stress a n d  can be  
i n d u c e d  w i th  e x o g e n o u s  im m u n o s u p p r e s s a n t s  s u c h  a s  
d ex am eth aso n e . T w o d iffe ren t s tra in s  o f BHV-1 can a lso  e stab lish
s im u ltan eo u s la tency  w ith in  a  h o st (W hetstone  & M iller, 1989a). 
G enetically  a ltered  BHV-1 stra in s  a re  still ab le  to  estab lish  latency  
desp ite  be ing  tem p era tu re  sensitive  o r lacking the  th y m id in e  k inase 
gene (Kit e t al., 1985; Pastoret e t al., 1980). O n a  m olecular level, only 
a 1.16 k ilobase reg ion  o f  the H in d  in "D" frag m en t o f the  genom e 
h y b rid iz ed  to  la ten tly  in fec ted  n eu ro n s , ind ica tin g  tran scrip tio n  is 
ac tiv e  b u t  re s tr ic te d  in  la te n t in fec tions to  th e  la ten c y -re la te d  
tran sc rip t (Rock, Beam, & M ayfield, 1987). F u rtherm ore , an tibodies 
developed  from  pep tid es  p ro d u ced  from  the  open  read in g  fram es in 
th is reg ion  iden tified  a pro tein  doublet of 33-35K an d  tha t th e  pro tein  
w as p resen t in  pu rified  virions (Hayes & Rock, 1989). T he p rom oter 
fo r the  latency-related  transcrip t has been fo u n d  to  be v e ry  active in 
ganglionic neu rons b u t less so in  o ther cells. In add ition , rem oval of 
th e  "silencer" reg io n  of the  p ro m o te r  en ab led  th e  p ro m o te r  to 
function  in  bovine cells (Jones e t al., 1990).
Im m u n o su p p ressio n  b y  bov ine  h e rp e sv iru s  co n trib u tes  to  the 
p a th o g e n e s is  o f th e  in fec tio n  a n d  a id s  th e  e s ta b lish m e n t an d  
m ain tenance  of latency. BHV-1 influences th e  im m u n e  system  in  
m any  w ays (Babiuk, Law m an, & G riebel, 1989). Infection in  v ivo  o r 
in  v itro  has been show n  to  reduce  the  m itogenic response o f cu ltu red  
bov ine  lym phocy tes (Babiuk & O hm ann , 1985; Filion, M cG uire, & 
Babiuk, 1983; C arter e t al., 1989; G hram  e t al., 1989). L ive an d  UV- 
in ac tiv a ted  BHV-1 has also been  show n  to  red u ce  the  reac tiv ity  to  
a n tig en  a n d  in te rleu k in -2  (H u tch in g s e t a l., 1990a). BHV-1 also  
in te rferes w ith  im m u n e  cell functions. In fec ted  m acrophages h av e  
sh o w n  red u ced  Fc-m ediated  recep to r acitv ity , red u ced  phagocytosis 
an d  reduced  an tibody-dependen t cell cytotoxicity (Form an & Babiuk,
1982). F o llo w in g  in fe c tio n , th e  c h e m o ta c tic  re s p o n se  of 
po lym orphonuclear cells is reduced  (Babiuk & O hm ann, 1985; Filion, 
M cG uire, & Babiuk, 1983). BHV-1 also affects the  p ro d u c tio n  of 
lym phokines. Interleukin-2 levels are reduced  after infection as w ell 
as the  p roduction  of chem otactic factor by  m acrophages (Babiuk & 
O h m an n , 1985). A d d itio n  of exogenous in te rleuk in -2  cou ld  no t 
resto re  pro lifera tion  to  m itogen  o r an tigen  (H utchings e t al., 1990a; 
B abiuk & O hm ann , 1985). O ther researchers have  investigated  the  
BHV-1 response  in  low  resp o n d er cattle. T heir resu lts , u sin g  a 
lim itin g  d ilu tio n  freq u e n cy  an a ly sis , su g g e s t the  p resen ce  of 
suppressor cells (Miller-Edge & Splitter, 1986).
MOLECULAR MIM ICRY A N D  HERPESVIRUSES
The term  m olecular m im icry identifies sim ilar p ro te in  or D N A  
sequences, o r sim ilar antigenic qualities betw een tw o dissim ilar genes 
o r  th e ir p ro te in  b y p ro d u c ts  (D am ian, 1989; Fujinam i & O ldstone, 
1985; Fujinam i et al., 1983). As indicated in  the  definition, m olecular 
m im icry is identified  by  com paring the p ro tein  and DN A sequences, 
o r  by  using  panels o f m onoclonals to find  cross-reacting  epitopes. 
M im icry to host proteins by pathogenic organism s has been  p roposed  
to  p ro v id e  an im m unologic advantage for the  invad ing  m icrobe by  
e n ab lin g  them  to  e v ad e  th e  h o st's  su rv e illan ce  b y  d isg u is in g  
th em se lv es as 's e lf . In  a d d itio n , th e  p ro te in s  d e m o n s tra tin g  
m im icry could also behave as a functional host p ro te in  or indirectly  
influence the action of the host pro tein  by com petitively inhibiting its 
action. A uto im m unity  is also an indirect consequence of m olecular
m im icry. It does no t p rov ide  an  advantage for th e  v irus, b u t has 
serious consequences for the host suffering a chronic viral infection.
Several herpesviruses have show n, m olecular m im icry in  their 
proteins. Epstein-Barr v irus protein  gp350/220 has a  sim ilar am ino 
acid sequence w ith  the com plem ent C3dg fragm ent. Both proteins 
attach to the CR2 receptor on B and  T lym phoblasts (N em erow  et al., 
1989). In  th is case, EBV has m im iced the com plem ent fragm ent to 
gain  en try  in to  a select cell line. The BCRFI gene of EBV also has 
pro tein  sequence hom ology to the host's IL-10, the cytokine synthesis 
inh ib ito ry  factor (M oore et al., 1990). Both IL-10 an d  the BCRFI 
p ro te in  inhib it interferon-gam m a synthesis. The m echanism  of th is 
m im icry appears to be th a t EBV uses this hom ology to m im ic the 
cytokine function  and  influence th e  im m une response . H um an  
cytom egalovirus also show s significant m im icry to the  M HC class I 
m olecule (Beck & Barrell, 1988). The UL18 open  read ing  fram e 
p ro tein  p ro d u c t has been show n to functionally  m im ic the M HC I 
m olecule by  b ind ing  Beta2-microglobulin. It is suspected  tha t th is 
m echanism  either disguises the UL18 v iral p ro tein , o r p reven ts the  
m atu ra tion  of cellular M HC I m olecules. W ithout m atu re  M HC I 
m olecules on  the ir surface, in fected  cells a re  un recogn izab le  to 
cytotoxic T cells (Browne et al., 1990).
CLINICAL DISEASE
As seen w ith the various subtypes, BHV-1 infection can cause a 
variety o f clinical syndrom es. It m ore com m only results in  infectious 
bovine rhinotracheitis (IBR), b u t can also cause abortions, infectious 
p u s tu la r  vu lvovag in itis (IPV), ba lanoposth itis , conjunctiv itis, and
en cep h a litis . I t  is  a lso  a s ig n ifican t c o m p o n en t o f th e  b o v in e  
re s p ira to ry  d isease  com plex  w h ic h  in c o rp o ra te s  a n u m b e r  o f 
pa thogens.
Infectious b o v in e  rh in o trach e itis  is  a n  u p p e r  re sp ira to ry  trac t 
infection  characterized  as a  laryngotracheobronchitis. C linical signs 
include  pyrexia, increased  resp ira to ry  rate, dypsnea, p e rs is tan t harsh  
cough, anorexia and  em aciation. D iarrhea  can occur in  system ically  
in fec ted  an im als, b u t  is  u n u su a l. D a iry  cow s sh o w  a d ram a tic  
decrease  in  m ilk  p ro d u c tio n . C on junctiv itis  an d  excessive o cu la r 
d ischarge  can also accom pany  th e  resp ira to ry  fo rm  o f th e  disease. 
P rofuse nasal d ischarge occurs early  in  infection and  p roceeds from  
clear to  m ucopu ru len t. The nasal m ucosa is u sua lly  red d e n e d  an d  
h y p e re m ic , w ith  w h ite  n a sa l p la q u e s  v is ib le  o n  th e  su rface . 
H istologically , the ep ithelium  of the  u p p e r airw ays is necrotic, w ith  
d e s tru c tio n  o f th e  m u co c ilia r system . D y sp n ea  re su ltin g  from  
blocked airw ays, m ay  cause infected  an im als to  open-m ou th  breathe. 
A uscultation  of the  lu n g  field in cases of IBR m ay  reveal a tracheitis, 
b u t  the  lung  field itself rem ains clear. If advanced  lung  so u n d s a re  
h e a rd , i t  is in d ica tiv e  o f o th er com plica ting  p a th o g en s  o r factors. 
(Kahrs, 1977; W yler, Engels, & Schw yzer, 1989; Blood & R adostits,
1989).
T he role of BHV-1 in  pneum onia  is often  a  p o in t o f confusion in  
the  d ifferentiation  of d isease  caused  by  uncom plicated  BHV-1 versus 
th e  m ultifac to ria l agen ts com prising  th e  bovine re sp ira to ry  d isease  
com plex. C linically, pneum onia  w hich  occurs w ith  IBR resu lts  from  
secondary  pathogens, p rim arily  bacterial invaders. In  a recent rev iew  
of IBR, Yates ind icated  th a t experim en tal s tu d ies  show  BHV-1 m ay
con tribu te  to  lu n g  lesions in d ep en d en t o f o ther pa thogens (Yates, 
1982). H ow ever, the experim ents cited are still com plicated by  the 
iso la tion  of secondary  pa th o g en s (M arkson & D erbysh ire, 1966), 
unsatisfactory experim ental anim als (M cIntyre, 1954), lack of bacterial 
cu ltu re  follow -up on pneum onic lungs (Shroyer & E asterday, 1968), 
an d  in a p p ro p r ia te  in o cu lu m  (M cK ercher e t  a l., 1955). T he 
m echanical effects o f dyspnea  associated w ith  IBR congestion also 
com plicate the  singular effects of the v irus by transporting  infective 
debris to  th e  low er lung  fields and  there  by  con tribu ting  to  lu n g  
dam age. The precise ro le  o f BHV-1 in  lu n g  pa th o lo g y  has been  
d ifficu lt to d is tin g u ish  and  n o t clearly  u n d ers to o d . The bu lk  of 
evidence and  consensus of review ers indicates uncom plicated BHV-1 
infection does no t p roduce  pneum onia.
A b o rtio n s m ay accom pany  th e  re sp ira to ry  fo rm  o f BHV-1 
infections b u t can also follow  any of the clinical form s of BHV-1 as 
well as asym ptom atic infections w ith in  an infected herd . A  quarter of 
p regnan t cattle m ay abort follow ing an outbreak (Kahrs, 1977). Cattle 
betw een the 5th and  9 th  m onth  of pregnancy are m ost often affected. 
A typical infectious scenario w ill beg in  w ith  an  acute ou tb reak  of 
resp ira to ry  disease lasting 5 to  10 days. Som e abortions m ay  occur 
w hile  clinical signs are p resen t in  the herd , o r m ay be  delayed for up  
to  100 days fo llow ing  th e  in itia l ou tb reak . T here  a re  several 
outcom es for the  affected fetus. I t m ay be m um m ified, stillborn, d ie 
in u te ro  several days before  expulsion , o r re su lt in  a w eak  calf 
sh o w in g  sig n s of IBR an d  lesions a long  th e  a lim en ta ry  tract. 
M icrosopic lesions can som etim es be  found  in  the  au to lyzed  fetus
and  include focal necrosis of the liver, kidneys, adrenal g lands, and  
stom ach.
BHV-1 infection of the genital tract results in infectious pustu lar 
vulvovaginitis and balanoposthitis. Cases usually  occur after natural 
m ating  w ith  an infected anim al. Painful conditions cause frequen t 
m icturition  and  an elevation of the  tail. The surface of the vu lva 
show s w hite  plaques consisting of necrotic m aterial and  the presence 
of a m ucopu ru len t discharge. Rarely are  ou tb reaks of com bined 
respiratory  and  genital forms of BHV-1 seen occuring together. (Gibbs 
& R w eyem am u, 1977). This could be explained by  d ifferent tissue 
tropism s of the two different subtypes. The occurrence of tw o clinical 
form s together w ou ld  rep resen t a superin fection  by  the  second  
subtype.
The th ird  su b ty p e  of BHV-1 has been  sh o w n  to  cause  
m en ingoencephalitis in  calves (Brake & S tuddert, 1985; M etzler, 
Schudel, & Engels, 1986). The p resen ting  clinical signs inc lude  
incoordination and  circling, m uscular trem ors, ataxia, and blindness. 
O utbreaks of BHV-1 encephalitis occur sporadically.
C onjunctivitis is the final m ore com m on clinical m anifestation 
of BHV-1 infection. Pustules and plaques of necrotic debris m ay be 
seen  on  the conjunctiva, b u t d o  no t alw ays develop . C orneal 
o p ac itie s  can deve lop  from  th e  sc lera l ju n c tio n . T his is a 
d ifferentiating p o in t from  M oraxella  bov is p inkeye w hich develops 
corneal opacities from  the corneal center outw ards.
The p rev en tio n  of v ira l d iseases is d e p en d e n t on  effective 
vacc ines. C u rre n t  vacc ines fo r BHV-1 a re  h a m p e re d  b y  
ineffectiveness, and  adverse side affects. P resen t vaccines on  the
m arke t consist of e ither k illed  o r  a tten u a ted  live  v irus. T hey  a re  
typically  adm in istered  in tra-nasally  or in tra-m uscularly . A ttenuated  
live  vaccines a re  m ore com m only  u sed  because  o f th e  questionab le  
effectiveness o f vaccine versions com prised  of k illed  v iru s  (Frerichs 
e t al., 1982). Live vaccine versions have  the ir ow n set of com plicating 
s ide  effects. L ive vaccine stra in s of BHV-1 a re  still ab le  to  estab lish  
la ten t infections as is characteristic  of he rpesv iruses (Pasto ret e t al., 
1980). T ra n sm iss io n  o f a t te n u a te d  liv e  v a c c in e  v iru s  to  
n o n v a c c in a te s  can  a lso  o ccu r an d  is fu r th e r  c o m p lic a te d  by  
rea c tiv a tio n  o f la ten tly  in fec ted  vacc ine  s tra in s  (B aker, R ust, & 
W alker, 1989; W hetstone, M iller, & Van Der M aaten, 1989b). Vaccine 
stra in s have  also been im plicated in epizootic  ou tb reaks (W hetstone, 
W heeler, & R eed, 1986). In tra -n asa l vaccines w ere  d ev e lo p ed  to 
o v e rc o m e  th e  a b o rtiv e  effects o f th e  in tra -m u s c u la r  v e rs io n . 
System ic inocu la tion  o f a tten u a ted  live v iru s  can lead  to  o varian  
lesions w hich  in  tu rn  decrease  the  p ro g este ro n e  concen tra tion  an d  
can resu lt in abo rtion  (Van D er M aaten  & M iller 1985a; V an D er 
M aaten  ,M iller, & W hetstone, 1985b; Sm ith e t al., 1990). Both in tra- 
n asa l a n d  in tra -m u scu la r vaccines h av e  b een  sh o w n  to  enhance  
infectious bovine keratoconjunctivitis (G eorge e t al., 1988). A lthough  
a tte n u a te d  liv e  vacc ines h a v e  m a n y  c o m p lica tin g  s id e -effec ts  
associated  w ith  the ir use, they are cu rren tly  offer the  best p ro tection  
against disease caused by  bovine herpesvirus-1 .
A lte rn a tiv e s  to  th e  a t te n u a te d  liv e  v acc in es  h a v e  b e en  
in v es tig a ted . T hese a lterna tives consist of su b u n it o r  genetically  
a l te re d  v iru s  w ith  o r  w ith o u t  a  u n iq u e  a d ju v a n t. S ev e ra l 
p repara tions of subun it vaccines have been p roduced  an d  tested  by  in
v ivo  challenge. These p rep a ra tio n s  have  g en era lly  in c lu d ed  the  
m ajor glycoproteins g l, g ill, and  gIV in  com bination w ith  a variety  of 
d ifferen t ad juvan ts . T here have been conflicting resu lts  as to  the  
p ro tec tive  va lue  these  p repara tions have  to  offer. Efficacy against 
challenge w as dem onstra ted  for com binations of all the  glycoproteins 
w hen  adm in istered  w ith  either ISCOMs or av rid ine  as the  im m une 
ad ju v an t (Babiuk e t al., 1987; T rudel e t al., 1988). S epara ting  the 
g lycopro te ins in to  in d iv id u a l vaccines w as inconsis ten t as to  its 
p ro tec tive  value. This m ay  d ep en d  on  the  ad ju v an t u sed . W hen 
av rid in e  w as u sed  the  ad ju v an t, in d iv id u a l g ly co p ro te in s  w ere  
capable of protecting against challenge (Babiuk et al., 1987). H ow ever, 
w h e n  F re u n d 's  in c o m p le te  a d ju v a n t w as  u s e d , in d iv id u a l  
glycoproteins w ere  no t protective against challenge (Israel, M arshall, 
& Letchw orth, 1988). The results of these studies w ou ld  indicate  tha t 
m u ltip le  an tigens need  to be  in troduced  in to  su b u n it vaccines and  
the  app rop ria te  ad juvan t needs to be used  for these p repara tions to 
induce  pro tective  im m unity .
G enetically a ltered  viruses p rov ide  a variety  of opportun ities  to 
m odify  and  im prove  the vaccine strain . The ideal resu lt of these 
m an ip u la tio n s w o u ld  be a ttenua tion , de le tion  o f v iru le n t factors, 
stability , and  the  m aintenance of im m unogenicity . The herpesv irus 
genom e is w ell su ited  for genetic m anipu lations because of its large 
size a n d  the  iden tification  of superfluous p ro te in s  in  v itro  w hich  
cou ld  serve  as the  ta rg e t for recom bination  a n d  as m ark e rs  for 
recom binants (Clark, 1987; Esposito & M urphy , 1989; R oizm an e t al., 
1984; Roizm an & Jenkins, 1985).
Several genetically  a ltered  BHV-1 stra ins have been  iso lated . 
A lterations in the v irus genom e have cen tered  upon  the thym id ine  
kinase  gene and glycoprotein  HI o f the virus. Each of these targets 
p rov ides a m arker for identification o f the  recom binant. In  the  case 
o f th y m id in e  k inase , th e  recom binan ts can  a lso  be  se lec tive ly  
enriched  by  using  the  n a tu re  o f their inactive enzym e w hich  fails to 
in co rp o ra te  toxic thym id ine  analogs. T hym id ine  k inase  negative  
BHV-1 isolates have been show n to  be a tten u a ted  by  the ir failu re  to 
p roduce  clinical d isease w hen  in troduced  in to  a  host an im al (Kit e t 
al., 1985; Kit, Kit, & M cConnell, 1986; W hetstone et al., 1990a). D espite 
th e ir a ttenuation , thym idine k inase negative BHV-1 stra in s can still 
estab lish  latency w ith in  the  host (Kit e t al., 1985; W hetstone et al., 
1990b). The thym idine kinase gene has also been used as a  site for the 
in tro d u c tio n  o f h e te ro logous genes in to  th e  genom e. V esciu lar 
stom atitis v irus glycoprotein  G has been expressed  in  cells infected 
w ith  a BHV-1 recom binant (Lawrence, W hitbeck, & Bello, 1990). The 
la te s t BHV-1 vector expresses th e  capsid  p ro te in  from  foo t-and - 
m outh  disease v irus (Kit e t al., 1991).
A second com m only used  site  for m u ta tiona l recom bination  of 
BHV-1 is the  viral glycoprotein HI. Isolation of glH -deletion m utan ts 
have  show n the  g lycopro tein  d ispensab le  for v iral g ro w th  in  cell 
cu ltu re  (N elson et al., 1989; Liang, Babiuk, & Zam b, 1991b). These 
m u tan ts  have  n o t been tested  in  v ivo to  evaluate  the ir a ttenuation . 
T heir in  v itro  characteriza tion , how ever, ind ica tes the  g ill-m in u s  
s tra in s  a re  defective  in  th e ir a ttach m en t a n d  re ly  o n  secondary  
a ttachm en t m echanism s (Liang e t al., 1991a). This observation  can 
ind irectly  influence viral v irulence by  reducing  the  num ber of cells
in fec ted  p e r  u n i t  o f v iru s in n ocu lum . O th e r re sea rch e rs  h av e  
overcom e the question  of g ill-m inus a ttenuation  by  com bining a glU- 
m in u s m u ta tio n  a n d  a thym id ine  k inase m u ta tio n  (Kit & Kit, 1990). 
H etero logous genes can also be in troduced  in to  the  gDI gene. A  BHV- 
1 g ill-m in u s  recom binan t has been  eng ineered  w hich  expresses the  
B eta-galactosidase  gene  in  infected  cells (Liang, B abiuk, & Z am b, 
1991b).
CHAPTER 2
T runcated  D erivatives of Bovine H erpesvirus-1  G lycoprotein  III
In h ib it A ntigen  and  M itogen Induced  L ym phoproliferation.
INTRODUCTION
V iruses m ay  suppress the  im m une response  o f the ir hosts by 
inac tiva tion  of lym phocy tes an d  phagocy tic  cells, s tim u la tio n  of 
su p p resso r cells, an d  in duction  o f im m u n o -su p p ress iv e  p ro te in s 
(H orohov & Rouse, 1986). This a ttrib u te  o f v ira l infections is of 
special significance w hen  considering the  latency and  reactivation of 
b o v in e  h e rp e rsv iru s  a n d  its co n trib u tio n  to  th e  co lon iza tion  of 
seco n d ary  b ac teria l in v ad e rs  in  th e  bo v in e  re sp ira to ry  d isease  
complex. Bovine herpesvirus-1 is capable of m odify ing  the  im m une 
response using  a variety  of sub tle  m echanism s (Babiuk, L aw m an, & 
Greiebel, 1989). Both viable and  U V -inactivated BHV-1 virions have 
been show n to have a suppressive effect in  v itro  (Carter e t al., 1989; 
H utch ings e t al., 1990a). The follow ing experim ents have exam ined 
an  independen tly  expressed BHV-1 pro tein , glycoprotein  in, for its 
contribution  to  BHV-1 im m unosuppression  ou tside  of the  context of 
the v irion  particle.
F itzpatrick et al. (Fitzpatrick, Babiuk, & Z am b, 1989) conducted  
com parisons o f th e  p red ic ted  am ino  acid  sequence  of g i l l  an d  
iden tified  a 96 am ino acid dom ain  hav ing  significant hom ology to 
the  M HC class II antigen constant dom ain. A  m onoclonal an tibody  to 
g m  also cross reacted w ith  a cell-surface glycoprotein on m acrophages, 
po lym orphonuclear leucocytes, and  platelets (Fitzpatrick et al., 1990a). 
O ther herpesv iruses also have  sequence o r antigenic hom ology to
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significant pro teins w hich could p rov ide  a pathogenic advantage. 
Epstein-Barr v irus open  read in g  fram e BCRF1 has hom ologous 
regions to cytokine synthesis inhibition factor (M oore e t al., 1990). 
H um an cytom egalovirus UL18 gene has sequence hom ology to the 
MHC class I molecule (Beck & Barrell, 1988) and  its translated product 
com plexes Beta2 m icroglobulin  (Browne e t al., 1990). Possessing 
hom ology to host proteins provides a selective advantage to viruses 
by enabling them  to escape recognition by  the host o r to disable the 
host's im m une response.
To exam ine th is  possib ility  in  BHV-1, th e  fo llow ing  
experim en ts expressed  full-copy g ill  in  a tran s ie n t eukaryo tic  
expression system  and created trunca ted  derivatives w hich dele te  
subsequent portions of the MHC class II hom ologous region. U sing 
these deriva tives in  an in  v itro  lym phopro lifera tion  assay, the 
influence of the  M HC hom ologous reg ion  of BHV-1 g ill on bulk  
cu ltu res of bovine p e riphera l b lood m ononuclear cells has been 
investigated. The follow ing data  ind icate  tha t g ill contains both  
im m unogenic and suppressorgenic dom ains w hich influence bovine 
lym phocyte proliferation.
MATERIALS AND METHODS 
V iruses and  Cell C ulture
Georgia bovine kidney (GBK) cells, free of bovine viral diarrhea 
virus, w ere used  for propagating  and  titering  virus stocks. COS-7 
cells, Vero cells transform ed to  constitu itively  express the  Large T 
antigen of SV40, w ere used for transfections and  transient expression. 
Cell cultures w ere tested for the presence of m ycoplasm a and  found
to  b e  free  o f  con tam ination . Bovine p e rip h e ra l b lood  m o n o n u c lea r 
cells (PBMC) w ere  iso la ted  the d a y  of the  assay. E stab lished  cell lines 
w ere  g ro w n  in  D ulbecco 's M odified  E agle 's m ed iu m  (DM EM ) w ith  
so d iu m  b ic a rb o n a te  (S igm a C hem ica l C o m p an y , St. L ou is , M O) 
su p p le m e n te d  w ith  20m M  HEPES, 5% feta l calf se ru m , 100 U /m l  
pen ic illin  an d  100 p g /m l o f strep tom ycin . PBM C's w ere  cu ltu red  in  
RPM I 1640 (Sigm a C hem ical C om pany , St. L ouis, M O) w ith  so d iu m  
b ica rb o n a te  su p p le m e n te d  w ith  2 m M  L -G lu tam ine , 0.05 m M  2- 
m ercap to e th an o l, 10% fetal calf se rum , 100 U /m l  pen ic illin  an d  100 
p g /m l of strep tom ycin .
T he C ooper s tra in  o f BHV-1, from  th e  A m erican  T ype C u ltu re  
C ollection  (ATCC), w as p ro p ag a ted  in  GBK cells a t a  m u ltip lic ity  o f 
in fec tion  (M OI) o f 0.01, a n d  in cu b a ted  a t 37°C u n til  th e  cy topa th ic  
effect reached  100%. T he su p ern a te  w as clarified o f cell debris b y  low  
sp eed  cen trifu g a tio n  and  th en  lay e red  ov e r a 20% sucrose  cush ion , 
an d  c e n tr ifu g e d  fo r 2 h o u rs  a t 100,000 x g. T h e  v ir io n s  w e re  
re su sp en d ed  in  g row th  m ed iu m  an d  titra ted . T he v iru s w as d ilu ted  
to a concen tration  of 1 x  10? p laq u e  fo rm ing  u n it (P F U )/m l a n d  UV- 
inactiva ted  (M odel R52G, UVP, Inc., San G abriel, CA) for 2 m inu tes a t 
a  d istance of 12 cm  p rio r to add ition  to  lym phocy te  cultures.
C onstruc tion  of a BHV-1 genom ic D N A  lib ra ry  a n d  expression  o f g il l .
BHV-1 C o o p er s tra in  (p ro v id ed  by  D r. J. S torz) genom ic  D N A  
w as iso la ted  b y  pheno l ex traction  an d  d ia lysis (M aniatis, F ritsch , & 
S am brook , 1982). T he fra g m e n t e n co d in g  th e  g i l l  g e n e  w as 
subc loned  as a  5.5 kb Bam HI-Eco RI section  in to  a  m od ified  pUC19 
contain ing  a  Bgl II restric tion  site in  the  po ly linker (constructed  by
Dr. K. Kousoulas). This p lasm id, p867, w as th en  d igested  w ith  either 
Sac I, Xho I, o r Sm a I, and  any  overhang ing  en d s  b lu n ted  w ith  T4 
D N A  p o ly m erase  using  s ta n d a rd  m e th o d s  (M aniatis , F ritsch , & 
Sam brook, 1982). A n Spe I* lin k e r (N ew  E ngland  Biolabs, Inc., 
Beverly, MA), contain ing  a stop  codon in  all th ree  read in g  fram es, 
w as liga ted  in to  p lace at the b lu n t Sac I, Xho I, an d  Sm a I. G ene 
constructs w ere  th en  cloned in to  th e  p91023 eu k ary o tic  p lasm id  
expression vector (W ong et al., 1985) as Bam HI-Eco RI fragm ents to 
create plasm ids p2356, p2355, and  p2357 (Figure 2.1). Full copy gin was 
also cloned into p91023 to create p2323. After ligation into p91023, an 
Xho I-Eco RI fragm ent from  p2323, containing the A deno  M ajor Late 
P rom oter (AMLP) and  the  g ill coding sequence, w as then  in troduced  
in to  vector pJNL-I (Scholler, 1988) to  p ro d u ce  p2345. A ll p lasm id  
DN A s used  in  transfections w ere  pu rified  tw ice in  cesium  chloride 
gradients.
Expression of glycoprotein III.
E xpression of g ill in  COS-7 cells w as in itially  d e te rm ined  by  
ind irect im m unofluorescence assays (IFA). COS-7 cells w ere grow n 
on circular coverslips in  24-well p lates (Costar Inc., C am bridge, MA) 
and  transfected as described. After 40 hours, the coverslips w ere  fixed 
w ith  m ethanol and  blocked w ith  10% goat serum  in PBS for 1 hour a t 
room  tem perature . M onoclonal antibodies specific for g in  (supplied  
by  Dr. Letch w orth  and  Dr. M isra) w ere d ilu ted  1:150 in  PBS w ith  1% 
goat serum , and  incubated  w ith  the  m onolayer for 1 h o u r a t 37 C. 
T he coverslip s w ere  w ash ed  in  PBS a n d  in cu b a ted  w ith  FITC
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Figure 2.1
Construction of glycoprotein IH truncations. The section of the genome containing the g in  gene 
was isolated as a Bam HI-Eco RI fragment. An Spe I* linker K M  was ligated into the Sma I, Xho I, 
and Sac I sites of gin, creating p2357, p2355, and p2356 respectively. is the intramembranous 
region. V //i  is the MHC class n  homologous. E 3  are those regions showing homology to the Ig 
superfamily. (Fitzpatrick, Babiuk, & Zamb, 1989).
conjugated rabb it anti-m ouse IgG (Sigma Chem ical C om pany, St. 
Louis, MO) diluted 1:50 and incubated for 1 hour at 37° C.
R adio im m unoprecip ita tion  w as carried  o u t w ith  cell-extracts 
obtained from  transfected COS-7 cells largely according to a procedure 
outlined previously (Misra et al., 1982). Briefly, after incubating for 
30 hours, transfected cells w ere w ashed w ith  m ethionine-free m edia, 
and  incubated 12 hours w ith  50 mCi of L- [35s] m eth ion ine  (N ew  
E ngland N uclear, Inc., Beverly, MA). Subsequently , cells w ere  
scraped and  w ashed in PBS, RIPA buffer (0.05M TrisH Cl pH=7.0, 
0.15M N aC l, 1% DOC, 1% T riton X-100) w as added  an d  the  cells 
sonicated for 4 seconds at a setting of 4 using a sonicator (Model 200, 
B ranson , D an b u ry , CT). T he cell d e b ris  w as rem o v ed  by  
cen trifugation  a t 20,000 g for 30 m inu tes a t 4° C. M onoclonal 
antibodies, at 5 ml per sample, w ere added  to the clarified supernatant 
and  then incubated on a rocking platform  overnight at 4° C. Rabbit 
anti-m ouse im m unoglobulin  G (Sigma Chemical Com pany, St Louis, 
MO) w as added  at 5 pi per sam ple and  incubation continued for 4 
hours. Protein A Sepharose CL-4B beads (Sigma Chemical Com pany, 
St. Louis, MO) w ere added  at 10 m g per sam ple, and  then incubated 
again for 1 ho u r at 4° C. The beads w ere then w ashed 5 tim es w ith 
RIPA buffer containing 0.1% SDS. Loading buffer (0.5M Tris pH=7.0, 
3% sucrose, 2% SDS, 0.025% brom ophenol b lue w as ad d ed  and  the 
sam ples w ere  boiled for 5 m inutes. Im m unoprecip ita ted  pro teins 
w ere separated  on  a 9% denaturing  polyacrylam ide gel w ith  a  3.5% 
stacking gel. Gels w ere trea ted  w ith  E n^H ance (N ew  E ng land  
Nuclear, Boston, MA) as directed, prior to autoradiography.
Transfection of COS-7 cells
COS-7 cells a t 50% confluency in  25 cm2 tissue cu ltu re  flasks 
w ere transfected  w ith  15 m g of p lasm id  DNA using  a m odified  
calcium  phosphate  p recip itation  technique (Graham  & Van D er Eb, 
1973). Plasm id DNA was m ixed w ith  50 m l of 2.5M CaCl2 and the 
volum e brough t u p  to 500 ul w ith distilled w ater. An equal volum e 
of 2X HEPES-buffered saline (2XHBS: 280mM NaCl, 1.5mM N a2H P0 4 , 
50mM HEPES acid, pH=7.05) was ad d ed  to the DNA m ixture w ith a 
constan t bubbling  o f air. The so lu tion  w as incubated  a t room  
tem perature for 30 m inutes. Flasks of COS-7 cells w ere w ashed once 
w ith  tris-buffered  saline (TBS: 137mM N aC l, 5m M  KC1, 1.4mM 
N a2H P0 4 , 25mM Tris Base, 1.4mM CaCl2/ 0.5mM MgCl2/ pH=7.5) and 
incubated  for 2 m inu tes w ith  0.5 m g /m l D EA E-dextran (Sigma 
Chem ical Co., St. Louis MO) solution in  TBS, after w hich the DNA 
m ixture w as added. Following a 4 hour incubation a t 37°C, the cells 
w ere shocked w ith  a  15% glycerol in IX HBS for 2 m inutes and  
w ashed w ith IX HBS. Fresh m edia w as added  and the cells incubated 
for 48 hours. The supem ate  was collected, centrifuged to rem ove cell 
debris, and  then aliquoted for storage a t -20°C until used. Various 
volum es of the supernates (200, 70, 20, and  2 pi) w ere added  to the 
lym phocyte cultures for testing.
Lym phoproliferation assay
Bovine peripheral blood m ononuclear cells w ere obtained  from  
three BHV-1 positive cattle (N 0117, N 0121 , and  NO130) and  one 
BHV-1 negative cow (VMP001). The positive cattle all tested strong 
positive for BHV-1 by IFA a t a serum  dilu tion of 1:16. Venous blood
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w as co llec ted  in to  s te rile  tubes co n ta in in g  c itric  acid  as an  a n ti­
coagulan t. Buffy coat cells w ere  o b ta in ed  by  cen trifuga tion  of the  
w ho le  b lood  at 1000 x g  for 45 m inu tes. PBMC w ere  iso la ted  by  
d iffe ren tia l sed im en ta tio n  of th e  bu ffy  coat cells th ro u g h  a ficoll- 
h y p aq u e  g rad ien t. The PBMC w ere  w ash ed  tw ice w ith  phospha te- 
buffered  sa line  (PBS) and  re su sp en d ed  in  g ro w th  m ed ium  a t a  final 
concen tra tion  of 1 X 106 ce lls /m l. Tw o m is o f th e  cell su spension  
w ere  a d d e d  to  each  w ell o f a  24-well p la te  a long  w ith  v a rio u s test 
su p em ates , v iral suspensions, o r C on A. All cu ltu res w ere  incubated  
a t 39°C in a hum id ified , CO 2 incubator. A t 48 h o u r in te rvals , the  
cultures w ere  resuspend ed  an d  100 p i a liquots transferred  to  a  96-well 
p la te  fo r a  4 h o u r  p u lse  w ith  0.5 pC  o f ^ H - th y m id in e . T h e  
rad io labe lled  cells w ere  ha rv ested  on to  glass fiber filte r m ats a n d  
coun ted  in  a  liqu id  scintillation counter. The resu lts  a re  rep o rted  as 
n e t coun ts p e r  m in u te  (CPM) de te rm ined  as th e  trip lica te  m ean  of 
the  m edia  control subtracted  from  the trip licate  m ean  of the  sam ple.
RESULTS
Expression of g lycoprotein  III in  transfected COS-7 cells
COS-7 cells transfected w ith  b o th  p2323 an d  p2345 expressed  full- 
copy gin w hich reacted  w ith  g lll-sped fic  M A bs b y  DFA (Figure 2.2A).
H igh  levels o f gin expression w ere  detected  by  IFA  in  approx im ate ly  
10% o f th e  cells u s in g  d iffe re n t M A bs (M arsh a ll, Is rae l, & 
L etchw orth , 1988; N elson  e t al., 1989). Expression of fu ll-copy g ill  
expressed  by  p2323 and  p2345 could also  be detected  by  rad io im m uno- 







Expression of g in  by  COS-7 cells. A) Im m unofluorescence of 
COS-7 cells transfected w ith  p91023 (top), p2345 (m iddle), 
p2323(bottom). B) R adio im m im opredpita tion  of transfected COS-7 
cells. Lane 1: l^ C  m olecular w eight m arker. Lane 2: COS-7 cells 
transfected w ith  p2323. Lane 3: COS-7 cells transfected w ith  p2345. 
G lycoprotein m  appears as a band  m igrating at approxim ately 91 kDa.
COS-7 cells m igrated in SDS-PAGE w ith a m obility consistent to the 
native-g lll (approxim ately 91kDa) specified by  BHV-1 (Figure 2.2B). 
R adioim m unoprecipitations perform ed on the  supernates of COS-7 
cells transfected w ith p2323 and p2345 failed to detect gin. Similarly, 
IFA an d  im m unoprecip ita tions perform ed o n  supernates and  cell 
extracts of COS-7 cells transfected w ith p2355, p2356, and  2357 which 
specify tru n ca ted  versions o f g ill  fa iled  to  d e tec t g ill-specific  
expression (results no t shown).
R esponse to U V -inactivated BHV-1
Three BHV-1 seropositive and  one seronegative cow w ere tested 
for the ir lym phopro liferative  responses to U V -inactivated BHV-1. 
Lym phocytes from  BHV-1 im m une cattle proliferated in  an antigen- 
specific (Figure 2.3A) and  dose-dependen t (F igure 2.3B) m anner 
peaking on day 6. By contrast, lym phocytes obtained from  the BHV-1 
naive cow d id  not proliferate in  response to U V -inactivated virions.
Response to  g ill  versions expressed in  COS-7 cells.
Lym phocyte cultures from  im m une cattle responded  to both 
full-copy and truncated  derivatives of gin expressed in  COS-7 cells 
(Figure 2.4). Full-copy versions expressed  by  p2323 an d  p2345 
s t im u la te d  a p p ro x im a te ly  e q u a l ly m p h o c y te  p ro life ra tio n . 
Supernates from  COS-7 cells transfected w ith p2357, p2355, and p2356 
w hich contained truncated  gffl-derivatives resu lted  in  progressively 
increased levels of proliferation above the levels p roduced  by  the full- 
copy gin alone. Lymphocytes from  the naive cow d id  not proliferate 
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Figure  2.3
L ym phopro life ra tion  to  BHV-1. A) R esponse o f im m u n e  an d  
naive  cow s to  10^ PFU 's o f U V -irrad iated  BHV-1 (C ooper Strain). B) 
R esponse of im m u n e  cow  to  increasing  log doses o f U V -irrad ia ted  
BHV-1.
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DAY 6 OF ASSAY
Figure 2.4
D ay 6 proliferative response of im m une an d  naive PBMC's to 
supernates. Supernates, a t 200 pi, in d u d e  m ock-transfected COS-7 
cells, full-copy gin expressed by  p91023 (p2323) and  pJNL-1 (p2345), 
and  truncated  derivatives (p2357, p2355, p2356).
31
Responses to an tigen  in  the presence of g ill  derivatives
Since tru n ca ted  versions o f g ill  appeared  m ore effective at 
stim ulating proliferation, w e exam ined the effect o f p2356 and p2323 
supernates together com pared w ith  the effect obtained w hen an equal 
am o u n t o f su p e rn a te  (200 jil) w as u sed  a lone  (F igure  2.5). 
Lym phocytes from  all th ree  im m une cow s responded  to p2356- 
supernates at levels above the p ro liferation  level w hen  p2323 was 
used alone. p2323-supernates added  to cu ltures containing p2356 
caused a reduction in proliferation to an in term ediate  level betw een 
those obtained for p2356 and  p2323-superates w ith lymphocytes from 
cow  N O H 7 . A d d itio n  of p2323 to P2356 cu ltu res  d ro p p ed  
proliferation to p2323 levels w hen lym pocytes from  cow N 0121 were 
used. The m ost significant reduction  in  proliferation in response to 
the add ition  o f p2323-superates w ere observed w ith  lym phocytes 
from  cow  N0130 w hich exhibitted  low er pro liferation  than  p2323- 
superates alone.
The response to UV-inactivated BHV-1 w as also affected by the 
presence of g lll-derivatives in  the cu ltu res (F igure 2.6). W hile 
lym phocytes from  each of the im m une cattle proliferated in  response 
to 1()4 PFU of U V -inactivated BHV-1, a  significant (p<0.05) d rop  in 
proliferation w as no ted  w hen either p2356 or p2323 w as added  to 
cu ltu res . p 2323 -superna tes re d u c e d  p ro life ra tio n  o f  BHV-1 
stim u la ted  cu ltu res m ore th an  p2356-supernates in  lym phocyte 
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Figure 2.5
Effect o f 200 |xl of each su p em ate  o f full-copy gin (p2323) o n  
p ro lifera tion  to  tru n ca ted  deriva tive  p2356. D ay  6 pro lifera tion  
responses are show n  by  na ive  cow , VMP001, a n d  im m une  cow s 
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Figure 2.6
Effect of 200 jxl of truncated  and  full-copy gin derivatives on 
proliferation to  10^ PFU of U V -irradiated BHV-1. Values represen t 
day  6 proliferation results o f naive (VMP001) and  im m une cattle 
(N0117, N 0121, NO130).
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M itogenic responses in  the presence of g i l l  derivatives.
To determ ine if the suppressive effect o f g ill  w as virus sp ed  fie, 
the effect of glH-derivatives on the m itogenic responses to  ConA  w as 
exam ined (Figure 2.7). In the presence of 2.5 m g of Con A and  200 pi 
of p2323, a statisticly significant (p<0.05) decrease in the  m itogenic 
response  of cows VMP001, N 0121 , an d  NO130 w as observed  in 
com parison to ConA alone, COS-7 cell supernate alone, and  cultures 
incubated  w ith  supernates of COS-7 cells transfected  w ith  p2356. 
Cultures containing 200 pi of p2356-transfected COS-7 cells supernates 
d id  n o t exhibit sim ilar statistics. R educing the concentra tion  of 
p2323-supernates from 70 pi to 20 pi restored the m itogenic responses 
to ConA.
DISCUSSION
Im m unization studies and studies using  purified  glycoproteins 
in  lym phopro lifera tion  assays show ed  th a t cattle recognized  gill 
(Hutchings, Van D runen Littel-Van D en H urk  , & Babiuk, 1990; Van 
D runen Littel-Van Den H urk, Gifford, & Babiuk, 1990a). H ow ever, 
gin resu lted  in low  levels of lym phocyte proliferation, an d  w as the 
least protective against in vivo challenges. In this report, evidence is 
presented that BHV-1 gill m ay contain both im m unostim ulatory  and 
im m unosuppressorgenic dom ains, and tha t the  M HC-II-like dom ain 
of gin m ay be p a rt of the suppressorgenic dom ain
Expression off full-copy gHI by  p2323 and p2345 w as detected in 
COS-7 cell extracts by im m unopredp itation  an d  IFA. H ow ever, full- 
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Figure 2.7
Inhib ition  of m itogenic response  by  increasing  the  concentration 
of p2323 supernate . Values rep resen t m ean  of d ay  2 values.
im m unoprecipitation in COS-7 cell supernates. O ur failure to  detect 
full-copy g in  and  glll-derivatives in  the supernates of transfected cells 
w as probably  d u e  to  a  com bination of low  am ounts o f g ill  p roduced  
in COS-7 cells, low  am ounts of g in  secreted o u t of the  COS-7 cells, 
and  altered antigenicity caused by  the truncations. W hile the  secreted 
g M  peptides w ere no t recognized by antibodies, they  d id  stim ulate an 
antigen-specific lym phoblast response.
It has been suggested that the  M HC m olecule can b ind  partia lly  
d eg raded  antigen (Babbit e t al., 1985; G am m on et al., 1987; A m etani 
e t al., 1989). Those pep tide  fragm ents containing T-cell ep itopes can 
stim ulate  bo th  class I and  class H restricted responses. (Tow nsend & 
Bodm er, 1989). Since the lym phoproliferative response to  the COS-7 
cell supernates w ere restricted to the BHV-1 im m une cattle, it seem s 
likely tha t the  supernates contain T-cell ep itopes. As th e  sm allest 
constructs p roved  to be  the the m ost stim ulatory , it appears th a t the 
T-cell ep ito p e  is largely  on  the  am ino term inus. H ow ever, th is 
d ifferen tial p ro lifera tion  could  be a ttr ib u ted  to the  p resence  of a 
h indering  structu re  w ith in  a  partially  processed  p ro tein  (Brett, Cease, 
& Berzofsky, 1988), or to the revelation of a previously  cryptic epitope 
(A m etani et al., 1989), C arboxy-term inal truncations of gin m ay 
a lte r  th e  conform ation  of g ill  an d  cause the  app ea ran ce  o f new  
epitopes that w ould  norm ally be unavailable for M HC binding.
A lternatively, truncating  g ill could resu lt in  the  elim ination  of 
a suppresso rgen ic  ep itope  (Sercarz & K rzych, 1991). Suppressive  
epitopes have been im plicated in  the nonresponsiveness of pro teins 
as antigens. In vitro, th is effect can be antigen specific by  stim ulating  
suppressor T-cells directed a t the  specific antigen target (Schw artz et
al., 1976; Sercarz e t al., 1978; K rzych, Fow ler, & Sercarz, 1985; Sercarz 
& K rzych, 1991). T he p resence  o f certain  ep ito p es o n  a  p e p tid e  m ay  
se lec tive ly  s tim u la te  T  cells w h ich  can  in h ib it th e  re sp o n se  to  th e  
an tigen . T hus in  th e  sam e m an n e r th e  e lim in a tio n  o f a su p p re sso r 
e p ito p e  e n ab led  th e  re sp o n se  to  ly so zy m e  (S ercarz  e t  al., 1978), 
e lim in a tio n  o f th e  c a rb o x y - te rm in u s  o f g i l l  e n a b le d  b o v in e  
lym phocytes to  resp o n d  to trunca ted  gin.
In  ad d itio n , a general su p p ress iv e  effect m ay  a lso  re su lt b y  the  
action  o f th e  n a tiv e  p ro te in  on  th e  im m u n e  resp o n se  to  th e  an tigen , 
u n re la ted  an tigens, a n d  non-specific m itogens (C opelan  e t al., 1983; 
O rosz  e t al., 1985; V iscidi e t al., 1989). T he p resence  of th e  M H C  II 
hom ologous reg ion  in  lym phocy te  cu ltu res sign ifican tly  red u ced  th e  
re sp o n se  to  b o th  m ito g e n  a n d  a n tig en  (BHV-1 v ir io n s  a n d  g i l l  
deriva tives). W hile  th e  m echan ism  o f th is su p p re ss iv e  effect is n o t 
k n o w n , th e  M H C  c la ss  II  h o m o lo g o u s  re g io n  m a y  p ro v id e  
su p p ress iv e  signa ls th ro u g h  th e  in te rn a liza tio n  o f th e  p ep tide-M H C  
com plex (Janew ay, 1989). Just as the  u se  o f syn the tic  p ep tid es  has 
h e lped  iso late  the  su p p ress iv e  effect of o th er v iral p ro te in s  (C iando lo  
e t al., 1985; H arre ll e t al., 1986; C hanh , K ennedy , & K anda, 1988), 
s im ila r ex p erim en ts  w ith  sy n th e tic  p e p tid e s  m ay  h e lp  id en tify  th e  
m echanism  o f the  suppresso rgen ic  ep itopes w ith in  glU.
CHA PTER 3
Iso la tion  a n d  C harac te riza tion  o f  a G lycopro te in  I ll-N u ll 
B ovine H erpesv iru s-1  M u ta n t
IN TR O D U C TIO N
H e rp e sv iru s  g ly co p ro te in s  a re  in v o lv e d  in  v iru s  a tta c h m e n t, 
a d so rp tio n , p en e tra tio n , and  fu sion  to  h o st cells (Cai, G u , & P erson , 
1988; C am p ad e lli-F iu m e  e t  al., 1988; F u ller, S an tos, & S pear, 1989; 
L ittle  e t al., 1981; H e ro ld  e t al., 1991). In  a d d itio n , g ly co p ro te in s  
in co rp o ra ted  in  th e  v ira l en v e lo p e  an d  ex p ressed  on  th e  su rface  of 
infected cells a re  targets of bo th  hum oral an d  cellu lar im m unity .
B ovine h erp esv iru s-1  en co d es fo r fo u r d is tin c t g ly co p ro te in s  
(M arsha ll, R o d riq u ez , &  L e tch w o rth , 1986; M isra , B lu m en th a l, & 
B abiuk, 1981). T hree of these, g l, g ill , an d  gIV, a re  im m unolog ically  
s ig n ifican t, b e in g  th e  ta rg e ts  o f n e u tra liz in g  a n tib o d ie s  a n d  cell 
m ed ia ted  im m u n ity  (M arshall, Israel, & L etchw orth , 1988; H u tch ings, 
V an D ru n e n  L ittel-V an D en H u rk , H u g h e s , & B abiuk, 1990b; V an 
D ru n en  L ittel-V an D en H u rk , G ifford , &  B abiuk, 1990a). T he gene  
coding  for g lycopro tein  III, a  hom olog to  h e rp es sim plex  gC, has been 
m ap p ed  a n d  sequenced , an d  sh o w n  to  be  nonessen tia l fo r g ro w th  in  
cell cu ltu re  (F itzpatrick , B abiuk, & Z am b, 1989; N e lso n  e t  al., 1989; 
L ian g  e t  a l., 1991a). G ly c o p ro te in  III is  re s p o n s ib le  fo r  th e  
h e m a g g lu tin a tio n  of m o u se  re d  b lo o d  cells, a n d  fu n c tio n s  as an 
im p o rta n t v ira l p ro te in  fo r in itia l v iru s  a tta c h m e n t to  p e rm iss iv e  
cells (T rudel e t al., 1987; T rep an ie r e t al., 1985; L iang  e t al., 1991a; 
O kazak i e t al., 1991). Its  in te rac tio n  w ith  th e  cell is  be lieved  to  be
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m e d ia te d  th ro u g h  su rface  h e p a ra n  su lfa te  m oie ties (O kazaki e t  al., 
1991).
KB3305 h as been  iso la ted  as a g ill-n u ll m u ta n t  o f  BHV-1 an d  
u se d  as a  to o l to  in v e s tig a te  g i l l 's  ro le  in  h e m a g g lu tin a tio n , 
a ttachm en t to perm issive  cells in  th e  p resence  o f h ep arin , a n d  in  the  
v iru s ' ab ility  to  s tim u la te  cellu lar im m u n e  responses tes ted  in  an  in  
v itro  ly m p h opro life ra tion  assay.
M ATERIALS A N D  M ETH O D S 
V iru s a n d  C ell C u ltu re
G eorg ia  bo v in e  k id n ey  (GBK) cells, free  of b o v in e  v ira l 
d ia rrh e a  v iru s, w ere  u sed  for p ro p a g a tin g  a n d  tite rin g  v iru s  stock. 
R abbit sk in  cells w ere  u sed  for transfections a n d  im m u n o p ero x id ase  
assay. M ad in -D arby  can ine  k id n ey  cells w e re  u sed  fo r a ttach m en t 
stud ies to po larized  cells. Cell cu ltu res w ere  tested  fo r the  p resence  of 
m y co p la sm a  a n d  fo u n d  to  b e  free  o f  c o n ta m in a tio n . B ovine 
p e rip h e ra l b lood  m ononuclear cells (PBMC) w ere  iso la ted  the  d a y  of 
th e  assay. E stablished  cell lines w ere  g row n  in  D ulbecco 's M odified  
E agle's m ed iu m  (DMEM) w ith  so d iu m  b icarbonate  (Sigm a C hem ical 
C om pany , St. Louis, MO) su pp lem en ted  w ith  20m M  HEPES, 5% fetal 
calf se ru m , 100 U /m l  pen ic illin  a n d  100 p g /m l  of s trep to m y cin . 
PBM C's w ere  cu ltu red  in  RPM I 1640 (Sigm a C hem ical C om pany , St. 
L ouis, M O) w ith  so d iu m  b ica rbonate  su p p le m e n te d  w ith  2 m M  L- 
G lu tam in e , 0.05 m M  2 -m ercap toethano l, 10% fe ta l calf se ru m , 100 
U /m l  penicillin  and  100 p g /m l o f strep tom ycin .
T he C ooper stra in  o f BHV-1 (ATCC) w as p ro p ag a ted  in  GBK cells 
a t a  m ultip lic ity  of infection (MOI) o f 0.01 and  in cu b a ted  a t  37°C u n til
the cytopathic effect reached 100%. The supem ate  w as clarified of cell 
debris by  low  sp eed  cen trifugation  and  th en  layered  over a 20% 
sucrose cush ion  an d  centrifuged for 2 h ou rs  a t 100,000 x g. The 
v irions w ere  resuspended  in m ed ium  and titra ted . The v irus w as 
d ilu ted  to  a concentration of 1 x 10? P F U /m l an d  U V -inactivated  
(M odel R52G, UVP, Inc., San Gabriel, CA) for 2 m inu tes a t a distance 
o f 12 cm  p rio r  to  a d d itio n  to  ly m p h o cy te  c u ltu res . P ro te in  
concentra tion  of v ira l stock w as de te rm ined  by  a  Bio-Rad P ro tein  
Assay (Bio-Rad Laboratories, R ichm ond, CA)
Iso la tion  of g ill-n u ll m u tan t v iru s
Bovine herpesvirus 1 viral DN A w as isolated using  the protocol 
ou tlined  in  M aniatis e t al. for eukaryotic  D N A  iso lation  (M aniatis, 
Fritsch, & Sam brook, 1982). Rabbit skin cells a t 50% confluency in  6- 
well tissue culture p lates w ere cotransfected w ith  2 Jig of v iral DNA 
a n d  1 jig  o f p la sm id  u s in g  a m o d ified  ca lc ium  p h o sp h a te  
p rec ip ita tion  technique (G raham  & Van D er Eb, 1973). Stocks of 
infectious virus w ere harvested from  transfected rabb it skin cells after 
4 to  7 d a y s  an d  sc reen ed  fo r g ill-n u ll  p h e n o ty p e  u s in g  an 
im m unoperoxidase assay on  v iral plaques. Infected m onolayers w ere 
p re trea ted  for 1 ho u r w ith  10% goat serum  in serum  free DMEM, The 
m o n o lay ers  w ere  in cu b a ted  fo r 1 h o u r  a t  37° C w ith  DM EM  
co n ta in in g  1% g o a t se rum  an d  a 1:150 d ilu tio n  o f m onoclonal 
an tibodies to g ill, supp lied  by  Dr. L etchw orth  and  Dr. M isra. The 
cells w ere  then  w ashed  tw ice w ith  m ed ia  an d  a  1:80 d ilu tio n  of 
b io tiny lated  horse an tim ouse-im m unoglobulin  G an tibody  in  m edia 
w as ad d ed  and  the plates incubated for 1 hour at 37° C. The cells w ere
w ash ed  w ith  calcium -m agnesium  free  PBS an d  in cu b a ted  w ith  the  
avid in : b io tin y la ted  h o rse rad ish  perox idase  com plex for 1 h o u r at 
room  tem peratu re . Finally the substra te , 10 m g of 4 -ch loro-l-nap tho l 
in  100 m l of CMF-PBS w ith  0.03% peroxide, w as ad d ed  an d  the  color 
a llow ed to develop. Plaques w ere  p icked u n d e r agarose and  pu rified  
four add itional tim es.
S ou thern  b lo t analysis
H ind  HI an d  Bam H I restriction enzym e digests of w ild  type  and  
KB3305 w ere ru n  on  an  0.7% agarose gel overn igh t a t 20V. The gels 
w ere  s ta in ed , p h o to g rap h e d , an d  th e  m ig ra tion  d is tan ce  reco rd ed  
w ith  a U V -fluorescent ru ler. The gel w as d ep u rin a ted  by  im m ersion 
in  0.30 N  HC1 for 5 m inu tes then  d e n a tu red  by im m ersion  in  0.5M 
N aO H -1.5M  N aC l for 10 m inutes, follow ed b y  neu tra lization  in  0.5M 
T ris-H C l, p H  7.4 a n d  3M  N aC l for 15 m inu tes. T his p rocess w as 
rep ea ted  a second tim e before the  gel w as tran sfe rred  to a  N ylon-1 
m em brane  (GIBCO BRL, G aithersburg , MD) for 45 m inu tes u sin g  a 
Trans-V ac TE80 vacuum  b lo tte r (H oefer Scientific In stru m en ts , San 
Francisco, CA. T ransfer buffer, 25mM  sodium  p hospha te  p H  6.5, w as 
ad d ed  as needed  over the b lo tting  period. Follow ing b lo tting , the  gel 
w as res ta ined  in  e th id iu m  b rom ide  an d  evaluated  fo r transfer. The 
m em brane w as baked  for 2 hours a t 80° C an d  then  UV cross-linked 
fo r 4 seconds. Before hybrid iza tion , th e  m em brane  w as in cu b a ted  
w ith  6X SSC, (IX SSC is 0.15M N aC l p lu s 0.15M so d iu m  citrate), IX  
D en h ard t so lu tion  (0.2% ficoll, 0.2% polyv iny lpyrro lidone, 0.1% SDS, 
0.2% bov ine  se rum  album in), 30% form am ide, and  10 ( ig /m l salm on
sperm  D N A  fo r 1 h o u r at 60° C in  a h y b rid iza tio n  in cu b a to r (M odel 
310, R obbins Scientific, Sunnyvale, CA).
The p ro b e  w as p re p a re d  u s in g  th e  p ro toco l in c lu d ed  w ith  the  
nick transla tion  k it (NEK-004, D uP ont, Boston, MA). Briefly, 0.5 pg  of 
p lasm id  D N A  w ere  incubated  w ith  D N ase 1 a n d  D N A  po lym erase  in  
the  p resence  o f 32p  labeled  dC TP for 2 h o u rs  a t 12° C. T he vo lum e 
w as b ro u g h t u p  to  200 p i a n d  5 pi of 20% SDS w as ad d ed  to  s to p  the  
reaction. I t  w as layered  on to  a  G25 Sepharose colum n as described  in 
M aniatis (M aniatis, F ritsch , & Sam brook, 1982) a n d  sp u n  to  rem ove 
u n in co rp o ra ted  label. T he p robe  w as k ep t on  ice u n til re a d y  to  use 
an d  bo iled  fo r 5 m in u tes  ju s t p rio r to  a d d in g  to  the  h y b rid iza tio n  
buffer.
The m em brane  w as hyb rid ized  in  6X SSC, IX  D en h ard t so lu tion , 
and  100 p g /m l of sa lm on sperm  D N A  together w ith  the  probe. A fter 
hyb rid iz ing  o v ern ig h t a t 60° C, th e  h yb rid iza tion  buffer w as p o u red  
off an d  th e  m em brane  w ash ed  w ith  2X SSC. P reh y b rid iza tio n  buffer 
w ith o u t salm on sperm  D N A  w as a d d e d  an d  the m em brane  incubated  
for 60° C for 15 m inutes. This process w as rep ea ted  a second  tim e o r 
un til th e  b ack g ro u n d  rad ia tio n  w as red u c ed  to  an  accep tab le  level. 
The m em brane  w as then  incubated  a t -70° C w ith  K odak  X-O m at film  
u sin g  an  in tensify ing  screen.
Im m u n o flu o rescen ce  a n d  Im m u n o p re c ip ita tio n
M onolayers o f GBK cell w ere  infected  w ith  w ild  ty p e  an d  KB3305 
m u tan t a t an  M O I of 5, an d  a llow ed  to  incubate  overn igh t. Infected  
cells w ere  then  sp u n  on to  g lass slides u s in g  a  cy to sp in  cen trifuge . 
M onoclonal an tibod ies specific for g ill  (su p p lied  b y  D r. L etchw orth
and  Dr. M isra) w ere  d ilu ted  1:150 in  PBS w ith  1% g o a t se rum  and  
incubated  w ith  the infected cells for 1 h o u r a t 37° C. The coverslips 
w ere  w ashed  in  PBS and  incubated  w ith  FITC conjugated  rabb it an ti­
m ouse  IgG (Sigm a C hem ical C om pany , St. Louis, MO) d ilu ted  1:50 
and  incubated for 1 ho u r a t 37° C.
R a d io im m u n o p rec ip ita tio n  w as ca rried  o u t o n  in fec ted  cells 
u s in g  th e  p ro ced u re  o u tlin ed  by  M isra (M isra e t  al, 1982). A fter 
in c u b a tin g  fo r 30 h o u rs , tra n s fe c te d  cells w e re  w a sh e d  w ith  
m e th io n in e -free  m ed ia  a n d  in c u b a te d  w ith  50 pC i o f  L -[35g ] 
m eth io n in e  (N ew  E ng land  N uclear, Inc., B oston, M A) o v e rn ig h t. 
Cells w ere scraped  and  w ashed  in  PBS th e  fo llow ing m orning . RIPA 
buffer (0.05M TrisH Cl pH=7.0, 0.15M N aC l, 1% DOC, 1% T riton X-100) 
w as added  and  the cells sonicated for 4  seconds a t a  se tting  of 4 using  a 
son icato r (M odel 200, B ranson, D an b u ry  CT). T he cell deb ris  w as 
rem o v ed  b y  cen trifu g a tio n  a t 20,000 g  fo r 30 m in u te s  a t 4° C. 
M onoclonal antibodies, a t 5 p i p e r sam ple, w ere ad d ed  to the clarified 
supernatan t an d  then  incubate on  a rocking p latfo rm  overn igh t at 
4° C. R ab b it a n ti-m o u se  im m u n o g lo b u lin  G (S igm a C hem ica l 
C om pany, St Louis, MO) w as ad d ed  a t 5 u l pe r sam ple  an d  incubation 
con tinued  for 4 hou rs. W ashed  P ro te in  A  Sepharose CL-4B beads 
(Sigma Chem ical C om pany, St. Louis, MO) w ere  ad d ed  a t 10 m g  per 
sam ple and  then  incubated  again  for 1 h o u r a t 4° C. T he beads w ere  
then  w ashed  5 tim es w ith  RIPA buffer contain ing  0.1% SDS. Loading 
buffer (0.5M Tris p H  =7.0, 3% sucrose, 2% SDS, 0.025% brom ophenol 
b lu e  w as a d d e d  a n d  th e  sam p les  w e re  b o ile d  fo r 5 m in u te s . 
Im m u n o p rec ip ita ted  p ro te in s  w ere  se p a ra ted  on  a  9% d e n a tu rin g  
p o ly ac ry lam id e  gel w ith  a  3.5% stack ing  gel. T he gel w as ru n
o v ern ig h t at 60V on  an  P ro tean  II e lec tropho res is  rig  (Bio-Rad 
Laboratories, R ichm ond, CA). The gel w as sta in ed  for 30 m inu tes 
(45% m ethanol, 10% acetic a d d  2.5% Coom assie blue), destained  un til 
the m arker could be  identified, rehydra ted  and  exposed to  E n^H ance 
(N ew  E ng land  N uclea r, B oston MA) as d irec ted . The gel w as 
incubated w ith  Kodak X-OMAT AR film  a t -70° C for 3-4 days.
L ym phoproliferation  assay
Bovine peripheral b lood m ononuclear cells w ere  ob tained  from  
th ree  BHV-1 positive  cattle (N 0117, N 0121 , an d  NO130) and  one 
BHV-1 negative  cow (VMP001). T he p o sitiv e  cattle  tested  as +4 
positive for BHV-1 by IF A, a t a  serum  dilu tion  of 1:16. Venous blood 
w as collected in to  sterile  tubes con ta in ing  citric  acid  as an  an ti­
coagulant. Buffy coat cells w ere  ob tained  by  cen trifugation  of the  
w hole  b lood  a t 1000 x g  for 45 m inutes. PBMC w ere  iso lated  by 
d ifferential sed im en ta tion  of the  buffy  coat cells th ro u g h  a ficoll- 
hypaque  grad ien t. The PBMC w ere w ashed  tw ice w ith  phosphate- 
b u ffe red  sa line  (PBS) a n d  re su sp e n d e d  in  m ed iu m  a t a final 
concentration of 1 X 10^ cells/m l. Two m is of the cell suspension and  
various viral d ilu tions w ere  ad d ed  to each well of a 24-well plate. 
All cultures w ere incubated at 39° C in a hum idified , CO2 incubator. 
A t 48 h o u r in te rvals , the  cu ltu res w ere  re su sp e n d ed  a n d  100 ul 
a liquots transferred  to a 96-well p la te  for a  4 hour pu lse  w ith  0.5 pCi 
of ^H -thym idine. The radiolabelled  cells w ere harvested  on to  glass 
fiber filter m ats an d  counted  in  a liqu id  scin tilla tion  counter. The 
re su lts  a re  re p o rte d  as n e t co u n ts  p e r  m in u te  (CPM) w hich  is
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d e te rm in ed  b y  the trip lica te  m ean  o f the  m ed ia  contro l su b trac ted  
from  the trip licate m ean  o f the  sam ple.
RESULTS
Iso la tion  of BHV-1 g ill-n u ll  v irus.
KB3305 w as iso la ted  as a g ill-n u ll  m u ta n t a ris in g  fro m  a 
cotransfection  experim en t in  w hich  n ak ed  v ira l D N A  an d  a p lasm id  
w ere  transfected  in to  low  passage  rabb it sk in  cells. Infectious v ira l 
p laques fo rm ed after cotransfection and  w ere  screened  b y  the  black 
p la q u e  assay  fo r g ill-n u ll m u ta n ts  u s in g  a p o o l o f m onoclonal 
antibodies. F igure 3.1 illustra tes the  d istinction  of w h ite  versus black 
p laq u e s  in  rab b it sk in  cells. T he g ill-n u ll  m u ta n ts  c o n s titu ted  
approxim ately  10% of the  to tal v iru s popu lation . KB3305 w as p icked  
based  on  its d istinct p laque m orphology  show n in F igure 3.2. KB3305 
w as easily  d iffe ren tia ted  from  w ild  ty p e  on  th e  basis o f p laq u e  
m orphology. Its d istingu ish ing  fea tu re  w as a  honeycom b appearance  
to the  center of th e  p laque  com pared  to  a vacan t p laq u e  center in  the  
w ild  type  and  o ther m utan ts.
A fter ex tensive p laq u e  purification , w e tested  the  v iral genom e 
for th e  p resence  o f possib le  la rg e  m od ifica tions in  th e  g i l l  gene  
resu lting  from  recom bination  o f the  p lasm id  w ith  the  v ira l genom e. 
A  p-galactosidase cassette w as cloned w ith in  the  gin gene con ta ined  
w ith in  the  H in d  HI "I" fragm en t cloned in to  p lasm id  p2379. F igure
3.3 represents the  resu lts of a  Southern b lo t using  32p labeled p2379 as 
the  probe. Both the  H in d  HI an d  Bam H I fragm ents o f KB3305 w ere  
iden tica l to  th e  w ild  type , in d ica tin g  th a t a  recom bina tiona l ev en t 
w h ich  w o u ld  have  in tro d u c e d  th e  com plete  Bam H I frag m en t o f
Figure 3.1
Im m unoperoxidase  sta in ing  o f KB3305 an d  w ild  type  (ATCC) 
BHV-1 p laques in  rabb it sk in  cells. W ild type  (ATCC) BHV-1 plaques 
precipitates substra te  an d  appears black. KB3305 p laques do  no t 
prec ip ita te  substra te  and ap pear "white" o r colorless.
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Figure 3.2
M orphology of KB3305 plaques in  Georgia bovine k idney cells. 
The center of the p laque show s the characteristic honeycom b 
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Southern  b lo t com paring  w ild  type  (ATCC) BHV-1 and  KB3305 
hyb rid iza tion  to  the  recom binan t p lasm id  p2379. H in d  HI d igested  
lam bda  D N A  served  as a negative  control. p91023 a n d  p2379 ac ted  as 
positive  controls. The v iral D N A  w as d igested  w ith  e ither H in d  m  
(A) o r Bam H I (B). For the  m u ta n t to  have recom bined , th e  low er 
Bam H I fragm en t o f p2379 w o u ld  need  to  be  p resen t in  th e  v iral 
lanes.
p2379 in to  th e  genom e d id  n o t occur. The ap p ea ran ce  of iden tica l 
D N A  fragm ents in  KB3305 and  p a re n t w ild  type  stra in  ind icated  th a t 
th e re  w ere  n o  large  m odifications o f the g in  gene, a lth o u g h  sm all 
deletions or insertion  or p o in t m u ta tions can n o t be excluded.
To confirm  KB3305 w as a gM -null m u tan t, w e  assayed  infected 
GBK m o n o la y e rs  b y  im m u n o flu o re se n c e  a n d  ra d io im m u n o -  
prec ip ita tion . U sing  m onoclonal an tibod ies to  g l, g M  an d  glV , cells 
infected  w ith  KB3305 reacted  only w hen  incubated  w ith  m onoclonals 
to  g l and  glV. A pool o f m onoclonals to gin failed  to react u n d e r  the 
sam e cond itions. Cells in fec ted  by  w ild  type  v iru s  reac ted  w ith  
an tibod ies to  all th ree  glycoproteins. R ad io im m unoprecip ita tion  w as 
carried  ou t o n  3 5 s  labeled cells infected w ith  w ild  type  a n d  KB3305 
u sin g  m onoclonal an tibodies to g l, g ill, an d  teg u m en t p ro te in  VP8. 
F igu re  3.4 illu s tra te s  the  com parison  o f KB3305 to  w ild  type  fo r 
expression of v iral proteins. VP8 an d  g l w ere  expressed  b y  b o th  w ild  
type  and  KB3305. G lycoprotein in  failed to  p rec ip ita te  from  KB3305, 
b u t w as clearly p resen t in  the w ild  type.
H em agg lu tina tion  assay
H em ag g lu tin a tio n  w as p e rfo rm ed  in  96-w ell ro u n d  b o tto m  
plates. Tw enty-five m icroliters of CMF-PBS w ere  ad d ed  to  each well. 
Tw o-fold d ilu tions of w ild  type or KB3305 w ere  serially  d ilu ted  in to  
the  w ells. E rythrocytes from  a d u lt BA LB/C m ice w ere  collected in  
A lsever so lu tion  a n d  w ashed  th ree  tim es in  CMF-PBS. T he m ouse  
RBC suspension  w as d ilu ted  to 0.3% an d  50 p i a d d e d  to  each  well. 
T he m ic ro tite r  p la te  w as left u n d is tu rb e d  fo r 2 h o u rs  a t room  
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Figure 3.4
R adio im m unoprecip ita tion  of ^ S -m e th io n in e  labeled  G eorgia 
bovine k idney  cells infected w ith  w ild  type (ATCC) BHV-1 and  
KB3305. M onoclonals an tibody  to VP8, gl, and  g in  w ere  u sed  to  
isolate th e  v iral p ro teins.
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Table 3.1 presents the hem agglutination results of w ild  type  versus 
KB3305. W ild type virus hem agglutinated m ouse red  blood cells a t 
concentrations of 2 X 10^ and above. KB3305 failed to hem agglutinate 
m ouse red  blood cells at sim ilar concentrations.
G row th characteristics o f KB3305
GBK cell m onolayers in 6 w ell p lates w ere infected w ith  either 
w ild type or KB3305 v irus a t an MOI of 1. A t 4 hour intervals, the 
w ells w ere  sc raped  and  cen trifuged  to separa te  su p e rn an t from  
infected cells. The cells were frozen and thaw ed three tim es to  release 
intracellular virions. Both cellular and  supernan t sam ples w ere then 
tite red  on GBK cells. The g row th  characteristics o f KB3305 w ere 
com pared to its w ild type strain. This com parison is show n in  Figure 
3.5. Both viruses replicated equally well during  the first 8 hours. The 
grow th  of cell-associated KB3305 lagged beh ind  w ild type by  10 fold 
after 24 hours. The w ild  type produced  15 fold m ore extracellular 
v irions than  d id  KB3305 at a  level equ iva len t to  its in tracellu lar 
levels. KB3305 y ie lded  5 fo ld  less ex trace llu lar v irio n s w hen  
com pared to  its intracellular level.
To exam ine the effect of tem pera tu re  on  KB3305's g row th , 
parallel infections of w ild type and  KB3305 w ere set u p  on  GBK cell 
m onolayers and  incubated a t 37° C and 39° C. Plaques w ere counted 




H em agglutinating  activity of w ild  type (ATCC) BHV-1 and  
KB3305. Erythrocytes from  BALB/C m ice w ere d ilu ted  to 0.3% and  
incubated w ith  the above v irus titers expressed as PFU's.
T iter ATCC KB3305
8 X 106 + -
4 X 1 0 6 + -
2 X 1 0 6 + -
1 X 106 - -
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Figure 3.5
Single step grow th  curves com paring w ild  type (ATCC) BHV-1 
and KB3305. (A) G raph of results of cell associated v irus of w ild  type 
(ATCC) BHV-1 and  KB3305. (B) G raph of results of extracellular v irus 
of w ild  type (ATCC) BHV-1 and  KB3305.
V irus ad so rp tio n  in  th e  p resence  o f h e p a r in
H e p a rin  (Sigm a C hem ica l Co., St. L ouis, M O) w as a d d e d  to 
d ilu tions of w ild  type  o r KB3305 v iru s  a t a  final concen tra tion  of 100 
U /m l. GBK m onolayers, a t 90% confluency w ere  incuba ted , w ith  the 
v iru s-h ep arin  so lu tion  for 1 h o u r  a t  37° C. Parallel cu ltu res w ere  also 
infected  w ith  v iru s  w h ich  d id  n o t con tain  h ep a rin  for com parison  of 
p laq u e  fo rm ing  capabilities. T he infection  b ro th  w as a sp ira ted  off an d  
a  1% m ethy lce llo lo se  o v e rlay  in  D M EM  w as a d d e d  to  th e  cells. 
P laques w ere  coun ted  after th e  p la tes w ere  in cu b a ted  for 48 h o u rs  at 
37° C. F igure  3.6 illu stra tes th e  effect o f h e p a rin  w h en  a d d e d  to  the  
infection b ro th . T he p resence  of h e p a rin  red u c ed  th e  w ild  type  tite r 
by  75% co m p ared  to  those  cu ltu res  w ith o u t h ep arin . In  th e  case  o f 
KB3305, th e  titer w as reduced  b y  65%.
L y m p h o p ro life ra tio n  to  g i l l -n u l l  m u ta n t
In  o rd e r  to  estab lish  th e  an tigen ic  p o ten tia l o f KB3305, th e  in  
v itro  ly m p h o p ro life ra tiv e  re s p o n s e  o f  b o v in e  p e r ip h e ra l  b lo o d  
m o n o n u clea r cells to  th e  m u ta n t w ere  c o m p ared  to  th a t o f th e  w ild  
type. F igure  3.7 show s the typical response  o f im m u n e  cattle  to  b o th  
v iru se s . PB M C 's fro m  BHV-1 im m u n e  c a ttle  e x h ib ite d  s im ila r  
p ro life ra tiv e  re sp o n ses  to  b o th e  th e  w ild  ty p e  v iru s  a n d  KB3305 
desp ite  the  la ter's  lack  o f one  of its m ajor anitgens.
DISCUSSION
T he g ill-n u ll  BHV-1, KB3305, h a s  b e en  u se d  as a  too l to  
investiga te  the  ro le  of g i ll  in  th e  infection  o f pe rm iss iv e  cells an d  on  
th e  in  v itro  im m u n e  response . M u tan t KB3305 p ro d u ces  a  d is tin c t
ATCC ATCC + HEP 3 3  0 5  3305 + HEP
Figure 3.6
G raph of heparin  sensitivity of w ild type (ATCC) BHV-1 
com pared to KB3305. GBK cell m onolayers w ere infected w ith  w ild 
type and  KB3305 BHV-1 in the presence of 100 U /m l of heparin  and  
w ith o u t heparin .
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Figure 3. 7
G raph of lym phoproliferative response a BHV-1 im m une cow to 
equal protein concentrations of KB3305 and w ild type (ATCC) BHV-1.
p laq u e  m orpho logy , is m ore  cell associated  an d  show s a  red u ced  
g row th  rate  in  cell culture w hen  com pared to  th e  w ild  type. Previous 
research  on  a  d ifferen t g ill-nu ll m u ta n t ind ica ted  th a t th e  red u ced  
g ro w th  ra te  assoc ia ted  w ith  th e  v iru s  w as cau sed  b y  defective  
adso rp tion  ra ther th an  faulty  replication (Liang e t al., 1991a). KB3305 
m ay  still be  able to  replicate  efficiently in  cells, b u t its release  from  
the  cell o r  its  in terference w ith  host processes m ay  be  m od ified  as 
indicated  by  its less severe cytopathology.
T he h e m a g g lu tin a tin g  p h e n o m e n o n  o f BHV-1 is lim ite d  to  
m ouse red  b lood  cells and  varies betw een m ouse stra ins (T repanier et 
al., 1985). T rudel e t al. iden tified  the  hem agg lu tina ting  com ponent 
o f BHV-1 to  be  g i l l  u s in g  m o n o c lo n a l a n tib o d ie s  to  in h ib it  
h e m a g g lu t in a t io n  (T ru d e l e t a l., 1987). KB3305 fa ile d  to
h e m a g g lu t in a te  m o u se  re d  b lo o d  ce lls  in  c o m p a r is o n  to  
hem agglu tinating  concentrations of the  w ild  type.
H erpesv iruses have been show n to  in itially  b ind  h ep a ran  su lfa te  
on  th e  su rface  o f cells (W uD unn & Spear, 1989; M etten le iter e t al., 
1990; O kazaki e t al., 1991). U sing affinity  chrom atography , O kazaki 
(O kazaki e t al., 1991) sh o w ed  th a t o n ly  g i l l  o f BHV-1 b o u n d  to  
h e p a rin -ag a ro se  co lum ns. KB3305 w as sen sitiv e  to  a d so rp tio n  
inh ib ition  b y  heparin . Both gC and  gB o f herpes sim plex  h av e  been 
fo u n d  to  b in d  h eparin -S epharose  a ffin ity  co lum ns (H ero ld  e t al., 
1991). In  the  case of pseudorab ies v irus, its g in -a  gC  hom olog, and  
g ll-a  gB hom olog w ere  found  to b in d  to  heparin -S epharose  colum ns 
(M ettenleiter e t al., 1990). H ow ever, pseudorab ies v irus g ll d epended  
on the  presence of g ill  for effective b ind ing . H eparin  m ay  be b ind ing
to BHV-1 gl, the HSV-1 gB hom olog, w hich in  the absence of gin m ay 
serve as a secondary viral attachm ent protein.
P revious w ork  on  truncated  g ill derivatives ind icated  th a t this 
g lycoprotein  contained im m unosuppressive epitopes w ith in  its M HC 
class II hom ologous reg ion  (Byrne, H orohov , & K ousoulas, 1992). 
Therefore, the  pro lifera tion  of bovine lym phocytes to KB3305 w as 
exam ined an d  com pared  w ith  the  w ild  type. These resu lts indicate 
im m une cattle recognized g in -nu ll virions as w ild  type. It d id  not 
appear that deleting  g in  from  the v irus p rov ided  any  advan tage  to 
the  im m une  response , even  th o u g h  the  v iru s  lacked  th e  reg ions 
p rev io u s ly  id en tified  as im m u n o su p p p ress iv e . T he ro le  o f the  
im m u n o s s u p r e s s iv e  d o m a in  o n  g i l l  in  v i r u s - in d u c e d  
im m unossuppression  rem ains unclear.
SU M M A R Y
M odified  liv e  v iru se s  h av e  h is to ric a lly  b een  u se d  to  p ro te c t 
a g a in s t v ira l d iseases. W ith  th e  ap p lica tio n  o f  m o lecu la r b io logy , 
te c h n iq u e s  fo r th e  p ro d u c tio n  o f  v acc in e  s tra in s  h a v e  in c lu d e d  
genetic  recom binan ts w ith  d esig n ed  dele tions o r  in se rtio n s in to  the  
o r ig in a l v ira l  g en o m e . T h ese  a lte ra tio n s  can  a t te n u a te  a n d  
genetically  m ark  the  recom binan t stra in .
This resea rch  has in v es tig a ted  th e  ro le  o f bo v in e  herpesv irus-1  
g ly c o p ro te in  III in  th e  p a th o g e n e s is  a n d  im m u n o s u p p re s s io n  
exh ib ited  d u rin g  BHV-1 infections. By in d ep en d en tly  exp ressing  g ill  
a n d  c re a tin g  c a rb o x y -te rm in u s  tru n c a tio n s , th e  M H C  c lass  II 
hom olo g o u s reg io n  of g i l l  h a s  b een  sh o w n  to  h a v e  an  in h ib ito ry  
e ffect o n  th e  p ro life ra tio n  o f b o v in e  ly m p h o cy tes  to  a n tig e n  a n d  
m itogen . This observation  ind icates a n  ad v an tag e  to  p ro d u c in g  gffl- 
n u l l  m u ta n ts .  T h ese  m u ta n ts  w o u ld  n o t  o n ly  la c k  an  
im m u n o su p p ress iv e  p ro te in , b u t  w o u ld  also be  read ily  identifiab le  by  
th e ir g ill-n u ll m arker.
A  g ill-n u ll v iru s , KB3305, w as iso la ted  as a  m eans to  exam ine 
th e  im p o rtan c e  of g i l l  to  v ira l in fec tio n s, a n d  to  d e te rm in e  an y  
advan tages a g in -n u ll v iru s  w o u ld  p ro v id e  to  th e  im m u n e  response. 
In  the  process o f characterizing  the  v irus, the  ro le  of g in  w as fo u n d  to  
be  im p o rta n t to  th e  a tta c h m e n t a n d  g ro w th  o f th e  v iru s  in  cell 
cu ltu re . T he d a ta  from  h e p a rin  sen sitiv ity  s tu d ie s  in d ica ted  o th e r 
p ro te in s  w ere  a lso  invo lved  in  th e  in itia l a ttach m en t o f th e  v iru s  to  
th e  cells. T he function  of g in  as th e  sole h e m ag g lu tin a tin g  p ro te in  
w as clarified b y  th e  inab ility  of KB3305 to  agg lu tina te  re d  b lood  cells.
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Finally , KB3305 w as able to  s tim u la te  bov ine  lym phocy tes in  an  
equivalen t m an n er to  w ild  type  v irus, ind icating  de le tion  of a m ajor 
im m unologic  targe t o f BHV-1 does n o t h in d e r th e  cellu lar im m une
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APPENDIX A
R estriction  endonuclease  analysis an d  c lon ing  o f the  bov ine  
herpesvirus-1  genom e sub type  2.
The d iagnosis o f a bovine herpesv irus-1  infection  has re lied  
upon  the antigenic characteristics of the  v irus in  fluorescent-antibody 
tes ts , ELISA, o r rad io im m u n o assay s . R estric tion  en d o n u c lease  
analysis has enabled the  fu rth er defin ition  of BHV-1 in to  subtypes. 
C harac te ristic  d ifferences ex ist be tw een  the  re sp ira to ry  s tra in  o r 
sub type  1, the  gen ital s tra in  or sub type  2, a n d  neurologic  stra in  or 
sub type 3 form s of BHV-1 (Engels, Steck, & W yler, 1981; Engels et al., 
1986; M etzler, Schudel, & Engels, 1986; M isra, Babiuk, & Darcel, 
1983). W e have com pared  the restric tion  endonuclease  p a tte rn  of a 
field isolate of BHV-1 (isolated by  Dr. J. Storz) to the ATCC C ooper 
stra in . The field  s tra in  show s d is tin c t frag m en t po lym orph ism s 
w hich  a re  characteristic  o f th e  in fectious p u s tu la r  vu lvovag in itis  
isolates.
G eorgia bov ine  k idney  (GBK) cells w ere  used  fo r p ropaga ting  
and  titering  v irus stock and  w ere  cultivated  in  D ulbecco's M odified 
Eagle's m ed ium  (DMEM) w ith  sod ium  bicarbonate (Sigma Chemical 
C om pany, St. Louis, MO) supp lem ented  w ith  20mM HEPES, 5% fetal 
calf serum , 100 U /m l penicillin and  100 p g /m l of streptom ycin. The 
C ooper stra in  o f BHV-1 (ATCC and  Field isolate) w as p ropaga ted  in 
cells a t a m ultiplicity of infection (MOI) of 0.01 an d  incubated  a t 37°C 
un til the cytopathic effect reached 100%. The supem ate  w as clarified 
of cell debris by low  speed centrifugation and  then layered over a  20% 
sucrose cushion and  cen trifuged  for 2 h ou rs a t 100,000 x g. The
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virions w ere resuspended  in T 10E1 (lOmM TrisHCl, lOmM EDTA, 
pH=8.0), and  100 u g /m l proteinase K and 0.5% Sarkosyl w ere added  
and  the m ixture allow ed to incubated a t 42° C overnight. The DNA 
w as then extracted w ith  phenol and ethanol precipitated.
For restriction endonuclease analysis, v iral DN A w as digested 
w ith  H ind EH, Eco RI, Bam HI, Bgl n, H pa I, Kpn I, and  Pst I according 
to  stan d ard  protocols an d  m anufacturers directions (N ew  E ngland 
Biolabs, Inc., Beverly MA). The digested DNA w as separated  on an 
0.8% agarose gel in Tris Phosphate buffer (0.04 M T ris-phosphate, 
0.001M EDTA, pH=8.0) and stained w ith ethidium  brom ide.
A lib rary  of genom ic fragm ents w as constructed  using  the 
pUC19Bgl (constructed  by  K.G. K ousoulas). Viral DNA H in d  III 
fragm ents w ere cloned into the corresponding site in the polylinker 
using  stan d ard  DN A m ethodology (M aniatis, Fritsch, & Sam brook, 
1982).
F igure A .l show s the  resu lts o f the  restric tion  endonuclease  
analysis of the  field  stra in  versus the  ATCC C ooper stra in  w hen 
digested w ith  H ind  m, Eco RI, Bam HI, Bgl n, H pa I, and Kpn I. Bands 
below  1.4 kilobases could  n o t be  iden tified  on  the  s ta in ed  gels. 
Fragm ents w hich com igrated could not be visually separated  except 
by  the intensity  of the ethidium  brom ide staining.
Figure A.2 show s th e  BHV-1 field stra in  lib rary  in  pUC19Bgl. 
Fragm ents C and D, sections of the unique short region including the 
5' inverted  repeat, w ere no t isolated from  the ligation pool, b u t are 
represented by fragm ents H , F, and K.
W e have com pared  the  restriction endonuclease pa tterns of a 
field isolate of BHV-1 to  those of the ATCC Cooper strain  of BHV-1.
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R estriction endonuclease analysis o f the field  stra in  versus the 
ATCC C ooper stra in  of BHV-1. Viral D N A  w as d igested  w ith  H ind  HI, 
Eco RI, Bgl n, Bam HI, H pa I, and  K pn I. ATCC viral D N A , designated 
w ith  an"A", w as ru n  parallel w ith  field stra in  v iral D N A , designated  
w ith  an  "F".
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Figure A.2
Bovine herpesvirus-1 field stra in  viral DN A clonal library  in  
pUC19Bgl. Lanes 5 and  10 are field strain  viral DN A digested w ith 
H ind  in  w hich represen t fragm ents A th rough  P. P lasm ids w ere 
digested w ith  H ind  IE  to correlate their insert w ith  viral DNA.
The p a tte rn  of the  field  iso late  is hom ologous fo r the  p a tte rn  
previously  published for infectious pustu lar vulvovaginitis isolates 
(Seal, St. Jeor, & Taylor, 1985; M etzler et al., 1985; Engels, Steck, & 
W yler, 1981). This pa ttern  is d istinct for the locations of the ATCC 
H ind  III "I" fragm ent above its usual location, and  the  lack of the 
ATCC Eco RI "G" fragm ents. Fragm ents for the Bgl n , Bam HI, H pa I, 
and  Kpn I digests also differ betw een the two genom es. Based on 
distinctly  differing patterns of the field stra in  to the  ATCC Cooper 
stra in , and  its hom ologous p a tte rn s  to the  in fectious p u s tu la r  
vulvovaginitis form , w e are categorizing the field strain  as a BHV-1 
subtype 2 pattern  for restriction endonuclease analysis.
APPENDIX B
Isolation of the lktA  gene of Pasteurella haem olytica from  pLKT52 
using  the polym erase chain  reaction.
The bovine herpesv irus genom e has been  used  as a vector to 
express heterologous antigens (Kit e t al., 1991). This approach  can 
p ro v id e  pro tec tion  aga in st m u ltip le  pa thogens in  the  form  of a 
m od ified  live BHV-1 vaccine. T he lk tA  gene o f P a s t e u r e l l a  
h a e m o ly t ic a  has been  iso lated  from  a p lasm id  con ta in ing  the  
leukotoxin operon. This represen ts the initial step  to p roducing  a 
recom binant BHV-1 which w ould  also protect against Pasteurella .
P asteu re lla  haem o ly tica  serotype 1 is the principal pathogenic 
bacteria involved in the bovine respiratory  disease complex. As part 
o f its v iru lence, it  encodes for a leuko tox in  specific for bovine 
lym phocytes (Shewen & W ilkie, 1982). The leukotoxin  operon  has 
been isolated, sequenced, and  characterized as the plasm id  pLKT52 
(Lo et al., 1985; Lo, Strathdee, & Shewen, 1987; Strathdee & Lo, 1989). 
T he l k t A  gene  encodes fo r the  s tru c tu ra l co m p o n en t o f the  
leukotoxin. The lktC  gene product acts on the LKTA protein  to yield 
an active leukotoxin, which is subsequently  secreted by  the actions of 
the lktB and lktD  gene products. Because of the closeness of the genes 
w ith in  th e  operon , iso lation  of a single gene is d ifficu lt u sing  
standard  cloning m ethods. W e have isolated the lk tA  gene using the 
polym erase chain reaction (PCR) and cloned it into a m odified pUC19 
vector and  the transient eukaryotic expression vector, p91023.
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Prim ers for the  PCR w ere  p ro d u ced  based  on  the  5 'and  3' 
pub lished  sequences of the  lk tA  gene and  are show n in  Figure B.l 
(Lo, S trathdee, & Shewen, 1987). To facilitate cloning in to  the p91023 
vector, the  sequences for the Bgl II and Eco RI restriction sites w ere 
incorporated  in to  the  5’ and  3' prim ers, respectively. T he pLKT52 
plasm id containing the leukotoxin operon  (supplied by Dr. R.Y.C. Lo) 
was cut w ith  N de I in  o rder to  linearize the plasm id and im prove the 
Taq polym erase reaction. The PCR reaction m ixture consisted of 200 
pm oles of each p rim er, 1 ng  of target tem plate, 50 m M  o f each 
dN TP,lX  PCR buffer (20mM Tris-HCl pH=8.3, 1.5mM MgC12, 25mM 
KC1, 0.05% Tween-20, 100 |ig /m l autoclaved gelatin), and 2.5 U of Taq 
polym erase w ith  enough distilled w ater to bring the m ixture to 50 pi. 
The E ppendorf M icrocycler w as program m ed to run  for 1 second a t 
96° C, 20 seconds at 53° C, and 3 m inutes a t 72° C, for 25 cycles. The 
fragm ents w ere then extended for 7 m inutes at 72° C.
The re su ltin g  frag m en t co rresp o n d ed  to  th e  p red ic ted  3.4 
kilobase length of the lk tA  gene. The PCR m ixture w as cleaned w ith  
chloroform  and  precipitated, resuspended  in  T5E0.I (5mM Tris-Cl, 0.1 
mM EDTA, pH=8.0) and  d igested  w ith  Bgl II and  Eco RI, using  
s tan d ard  techniques (M aniatis, Fritsch, & Sam brook, 1982). The 
fragm ent w as then ligated in to  a m odified pUC19 vector (containing a 
Bgl II restriction enzym e site) and  a p91023 vector at their Bgl II-Eco RI 
sites, and transform ed into D H 5a cells. The resulting plasm ids, p2320 
and  p2324 in  pUC19 and  p91023 respectively, w ere p repared  and  
pu rified  over tw o  cescium  chloride  gradients. F igure  B.2 show s 
diagnostic restriction enzym e digests for p2320. The 5' end  of p2320 
was also sequenced to  ascertain its exact insertion. The Sequenase Kit
5* P R IM E R :
5' ATC AGA TCT TGT GAA ACA ATA TAG AGT TGC CA 3’ 
y  P R IM E R :
5' ATC GAA TTC AGG AGA CAT CCC TTA TGG GA 3'
Figure B.l.
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Figure  B.2
R estriction enzym e d igests o f p2320. L ane 1 an d  5 a re  th e  lam bda 
m olecu lar w e ig h t m arker. Lane 2 show s th e  Bgl II an d  Eco RI digest. 
L ane 3 show s th e  d iagnostic  C la I digest. L ane 4 show s the  Bgl II, 
EcoRI, a n d  C la I d igests show ing  C la I re s tr id to n  site  w ith in  the 
p2320's in se rt a n d  n o t th e  vector.
(U nited States Biochemical C orp , C leveland , O H ) w as u sed  as d irec ted  
fo r d e n a tu r in g  d o u b le  s tra n d ed  D N A . T he re su ltin g  sequence  (180 
bases) co rresponded  to th a t pub lished  fo r the  lktA  gene.
In  o rd e r  to  test for expression  o f th e  lk tA  g en e  p ro d u c t, p2324 
w as tran sfec ted  in to  COS-7 cells. COS-7 cells a t 50% confluency  on 
g lass coverslips in  24-well tissue cu ltu re  p lates w ere  transfected  w ith  5 
m ic ro g ram s o f p la sm id  D N A  u s in g  a m o d ified  calcium  p h o sp h a te  
p rec ip ita tion  techn ique (G raham  & Van D er Eb, 1973). P lasm id  D N A  
w as m ixed  w ith  25 pi o f 2.5M  CaCl2 an d  th e  v o lu m e  b ro u g h t u p  to  
250 pi w ith  d is tilled  w ater. A n equal vo lum e o f 2X H EPES-buffered 
sa line  (2XHBS: 280m M  N aC l, 1.5mM  N a 2H P 0 4 , 50m M  HEPES acid, 
pH=7.05) w as a d d ed  to th e  D N A  m ix tu re  w ith  a constan t bubb ling  of 
air. T he so lu tion  w as incubated  a t room  tem p era tu re  for 30 m inutes. 
W ells of COS-7 cells w ere  w ashed  once w ith  tris-buffered  saline (TBS: 
137mM  N aC l, 5m M  KC1, 1.4mM N a 2H P 0 4 , 25m M  Tris Base, 1.4mM  
C aC l2, 0.5m M  M gCl2/ pH=7.5) and  incubated  for 2 m inu tes w ith  a 0.5 
m g /m l D E A E -dextran  (Sigm a C hem ical Co., St. Louis, M O) so lu tion  
in  TBS, a fte r w hich  the D N A  m ix tu re  w as ad d ed . Follow ing a  4 h o u r 
incubation  at 37°C, the  cells w ere  shocked  w ith  a 15% glycerol in  IX  
HBS for 2 m inu tes an d  w ash ed  w ith  lx  HBS. F resh  m ed ia  w as a d d e d  
an d  th e  cells incubated  for 40 hours.
E x p re ss io n  o f l k t A  b y  C O S-7 cells w as te s te d  b y  in d ire c t 
im m u n o flu o re sc e n c e  (IFA ). T he c o v e rs lip s  w e re  f ix e d  w ith  
m e th an o l a n d  b locked  w ith  10% g o a t se ru m  in  PBS fo r 1 h o u r  a t 
room  tem pera tu re . M onoclonal an tibod ies specific for th e  leukotoxin  
(su p p lied  b y  D r. C orstvet) w ere  d ilu ted  1:2 a n d  1:10 in  PBS w ith  1% 
g oa t se ru m  an d  in cu b a ted  w ith  th e  m on o lay er for 1 h o u r  a t  37° C.
T he c o v ers lip s  w e re  w a sh e d  in  PBS a n d  in c u b a te d  w ith  FITC 
c o n ju g a te d  ra b b it  a n ti-m o u se  IgM  a n d  IgG  (S igm a C h em ica l 
C om pany, St. Louis, MO) d ilu ted  1:50 an d  incubated  for 1 h o u r 
at 37° C.
In d irec t im m unofluorescence  cou ld  n o t d e tec t th e  expression  
o f the  LKTA p ro te in  in  COS-7 cells. T his cou ld  be d u e  to  the  lack of 
expression  b y  p2324, the  inaccesability  o f th e  exp ressed  p ro te in  to  the  
a n tib o d y , o r th e  in ab ility  o f th e  a n tib o d y  se lec ted  fo r  its  a c tiv ity  
a g a in s t  th e  a c tiv e  le u k o to x in  to  d e te c t  th e  s t ru c tu ra l  LKTA 
com ponen t. D esp ite  the  inab ility  to d e tec t th e  exp ress ion  o f LKTA 
usin g  the  p91023 vector a n d  COS-7 cells, the  iso lation  of th e  s tru c tu ra l 
g en e  for th e  leuko tox in  p ro v id e s  fo r th e  d e v e lo p m e n t o f a n ew  
recom binan t v ira l vaccine w hich  w o u ld  express an  in e rt form  o f the  
p ro te in  b u t  could  m ain ta in  its p ro tec tive  antigenicity .
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